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ABSTRACT
Wang, Chunmin Ph.D., Purdue University, December 2013. Store-operated Ca2+
Entry and Its Function During Fertilization in Porcine Eggs .
Major Professor:
Zoltan Machaty.
In a variety of mammalian cells, the depletion of intracellular Ca2+ stores leads to
Ca2+ influx across the plasma membrane though a process known as store-operated
Ca2+ entry. It not only plays a critical role in the replenishment of the Ca2+ stores
but it is also responsible for the maintenance of long-lasting high intracellular Ca2+
levels and sustaining repetitive Ca2+ oscillations. During fertilization a Ca2+ signal,
which can take the form of a single or multiple Ca2+ elevations (depending on the
species) is the universal trigger for the egg-to-embryo transition. For sustaining the
train of Ca2+ spikes an influx of Ca2+ across the plasma membrane is an absolute
pre-requisite. However, despite its significance little is known about the mechanism
that mediates Ca2+ influx at fertilization. Previously we have shown that STIM1, a
key component of the store-operated calcium entry pathway plays an important role
in regulating the oscillatory Ca2+ signal during porcine fertilization.
In the present study we dissected the mechanism that maintains the repetitive
fertilization Ca2+ signal. Using gadolinium (Gd3+ ) we specifically inhibited Ca2+
channels gated by the filling status of the intracellular Ca2+ stores in order to better
understand this critical signaling cascade. We found that in control eggs store depletion in Ca2+ -free medium followed by Ca2+ add-back triggered an elevation in the
cytosolic Ca2+ levels indicating store-operated Ca2+ entry. This Ca2+ influx was completely blocked in gadolinium pre-treated oocytes. Furthermore, the sperm-induced
Ca2+ oscillations were also abolished by the addition of gadolinium and 2-APB, a
modulator of store-operated Ca2+ entry also disrupted the fertilization Ca2+ signal.

xiii
These results indicate that the sperm-induced Ca2+ oscillations in pig eggs are maintained via a Ca2+ influx generated by the depletion of the intracellular Ca2+ stores.
In order to better understand the role of store-operated Ca2+ entry during fertilization, we studied Orai1, the proposed channel component of this signaling pathway.
Through RT-PCR we demonstrated the presence of Orai1 transcripts in pig eggs; the
results of Western blot analysis further confirmed that Orai1 is expressed in pig eggs.
In addition, we cloned the entire porcine Orai1 coding sequence and tagged it with the
enhanced green fluorescence protein (EGFP). Confocal imaging after microinjection
of the mRNA of this EGFP-Orai1 fusion protein indicated that EGFP-Orai1 localized
primarily in the cortical region of the eggs. By using antibodies raised against Orai1
we further verified that Orai1 was located mainly at the plasma membrane. Next, we
found that Orai1 expression decreased significantly during the course of oocyte maturation, whereas STIM1 expression remained unchanged. We also noted that during
maturation the oocytes gain the ability to generate a large Ca2+ influx after store
depletion which indicates the development of the store-operated Ca2+ entry pathway
that is required for fertilization. We further investigated the role of Orai1 in generating Ca2+ signals during fertilization. Microinjection of siRNA against Orai1 abolished
the repetitive sperm-induced Ca2+ transients and only a single Ca2+ elevation with a
markedly smaller amplitude was generated. The embryos that developed from these
eggs after in vitro fertilization showed significantly lower developmental potential.
When Orai1 was overexpressed in the eggs by microinjecting EGFP-Orai1 mRNA,
the elevated Orai1 level disrupted the normal Ca2+ oscillations and co-overexpression
of STIM1 and Orai1 also had a negative effect on the Ca2+ oscillations leading to
highly elevated Ca2+ levels.
In summary, we demonstrated that store-operated Ca2+ entry is the major mechanism responsible for mediating Ca2+ influx during fertilization in pig eggs. Together
with STIM1, the other major component of the pathway, Orai1 plays an important
role in sustaining the oscillatory Ca2+ signal and its proper function during fertilization is essential for subsequent embryo development. Further studies are under way

xiv
to elucidate the communication between STIM1 and Orai1 to better understand the
regulatory mechanisms that operate during fertilization.

1

1. LITERATURE REVIEW
1.1

Fertilization
Fertilization is the union of two haploid gametes to reconstitute a diploid zygote

that has the potential to become a new individual with a genome derived from both
parents. Fertilization is a not a single event. Rather, it is a series of steps that begin
when the egg and sperm first come into contact and end with the fusion of the genetic
material of the two gametes. Before fertilization, both gametes must become fully
mature and be transported to a site within the female, the oviduct, where the series
of fertilization events take place.

1.1.1

Oocyte Maturation and the Metaphase II Arrest

The development of an immature oocyte into a fertilizable egg is a process known
as meiotic maturation. In mammals, it corresponds to the transition from the prophase
arrest of the first meiotic division to the metaphase arrest of the second meiotic division. To complete fertilization successfully, matured oocytes are required and all the
cellular material such as proteins, mRNAs and other factors necessary for egg activation and further embryonic development must be stored in the matured oocytes.
The maturation of mammalian oocytes is usually defined from two aspects: nuclear maturation and cytoplasmic maturation [1]. Nuclear maturation includes the
processes of overcoming meiotic arrest at prophase I and driving the progression of
meiosis to metaphase II. One major component of nuclear maturation is the extrusion
of the first polar body. Cytoplasmic maturation refers to the processes that prepare
the egg for activation and preimplantation development, including recruitment of materials and structural changes in the cytoplasm such as an increase in the number and
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a change in the morphology of mitochondria [2]. During meiotic maturation the activity of the M-phase promoting factor (MPF) is required; it needs to be turned on in
order to drive the oocyte into cell division [3]. MPF is a heterodimer consisting of the
regulatory subunit cyclin B and the catalytic subunit p34cdc2 [4]. There are at least
three types of cyclin B (B1, B2 and B3), and in mammals it appears that cyclin B1 is
primarily responsible for MPF activity [5]. p34cdc2 phosphorylates many proteins that
are involved in cell division such as histone H1, nuclear membrane proteins, cytoskeleton proteins and RNA polymerase. Thus MPF activity induces different biological
events associated with meiosis such as germinal vesicle breakdown, chromosome condensation, cytoskeletal reorganization and increase in protein synthesis [6].
Whether in vivo or in vitro, the end point of mammalian oocyte maturation is the
metaphase II arrest [7]. It is characterized by high MPF and cytostatic factor (CSF)
activities [8,9]. CSF stabilizes MPF and ensures that the egg arrests at the metaphase
of the second meiotic division. In 1989 Sagata and co-workers found that the protooncogene c-mos, which is one of the major components of CSF, is uniquely turned
on at the beginning of oocyte maturation in response to the MII arrest [10]. After
this discovery, a great number of studies illustrated a pathway comprising downstream
mediators of the c-mos-induced MII arrest including mitogen-activated protein kinase
(MAPK), components of the spindle-assembly checkpoint and budding uninhibited
by benzimidazole (Bub) proteins [11]. Due to the high activity of MPF and CSF,
matured oocytes arrest at the metaphase II stage and this arrest will be overcome by
means of the action of the fertilizing sperm.

1.1.2

Sperm-egg Fusion

During ovulation, matured oocytes are released into the reproductive tract of the
female; these ovulated oocytes are arrested at the metaphase II stage of meiosis.
In mammals, the sperm and egg will fuse in the ampulla of the uterine tube. It
is possible that some chemicals produced by the cumulus cells or the temperature
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gradient directs the sperm to find the egg, but the mechanism has not been well
characterized [12].
At the beginning of fertilization, the sperm reaches and binds the zona pellucida. The zona pellucida is a thick layer of extracellular matrix that surrounds the
egg. It is best characterized in the mouse where it is composed of three major glycoproteins: ZP1, ZP2 and ZP3 [13]. The sperm first binds to ZP3, this is called
primary binding. This binding is species-specific and induces the sperm to undergo
the acrosome reaction. Acrosome-reacted sperm will then bind to ZP2; this so-called
secondary binding will enable the sperm to penetrate the zona pellucida. Part of the
zona pellucida will be digested by specific enzymes released from the acrosome during
the acrosome reaction. Then fusion between the sperm and egg plasma membrane
follows, which probably involves the interaction between the ADAM family proteins
such as fertilin on the sperm and integrins on the surface of the egg, allowing the
entry of the sperm into the egg cytoplasm [14]. This process eventually leads to the
formation of a diploid zygote.

1.1.3

Signal Transduction Following Sperm-egg Fusion: Release of PLC-ζ

How does the sperm activate the egg during fertilization? For a long time there
were two major hypotheses. According to the first hypothesis the sperm binds and
activates a receptor on the egg plasma membrane and thus triggers the signal transduction mechanism, much as hormones do. The second theory claimed that it is the
fusion of the plasma membranes of the gametes, which then leads to the release of
certain cytosolic factors, that turns on the signal transduction pathway [15]. More
and more research strongly supported the second theory to be right. The fusion of
sperm and egg introduces a cytosolic sperm factor into the egg, which seems to be
a prerequisite for egg activation. The sperm-specific factor was then identified as
phospholipase C-ζ (PLC-ζ) and demonstrated that it can trigger all the biological
events seen at fertilization [16]. Upon gamete fusion, the fertilizing sperm delivers
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PLC-ζ into the ooplasm that hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2 )
into two signaling molecules, inositol 1,4,5-trisphosphate (InsP3 ) and diacylglycerol
(DAG). In turn, InsP3 induces the release of stored calcium (Ca2+ ) by binding and
gating its receptor located in the endoplasmic reticulum (ER), while DAG plays a
role in the activation of protein kinase C (PKC) which may regulate Ca2+ influx to
refill the intracellular stores [17].

Ca2+ Signaling During Fertilization

1.2

At the time of ovulation, mammalian eggs are arrested at the metaphase stage of
their second meiotic cell division. They are released from this second meiotic arrest
and embryo development is stimulated during fertilization, when the sperm triggers a
prolonged series of Ca2+ oscillations in the egg cytoplasm. Research has shown that
the oscillations are the result of the release of Ca2+ from the eggs intracellular stores;
the release is induced by the protein PLC-ζ that diffuses from the sperm into the
ooplasm after gamete fusion [16]. Ca2+ is a highly versatile signaling messenger that
controls a vast number of biological functions including muscle contraction, cell differentiation, gene expression, cell death, and also, fertilization [18]. The released Ca2+
binds calmodulin and Ca2+ -bound calmodulin activates Ca2+ /calmodulin-dependent
protein kinase II (CaMKII) that stimulates a signaling cascade leading to the downregulation of the MPF and eventually, the exit from meiosis [19].

1.2.1

Repetitive Ca2+ Oscillations

In phylogenetically lower species such as fish and frog, the Ca2+ signal during fertilization takes the form of a Ca2+ wave which starts at the point of sperm attachment
and travels through the entire egg, lasting for several seconds [20].
In mammals, the sperm-induced Ca2+ signals were first demonstrated indirectly,
in hamster eggs, as periodic hyperpolarizations of the eggs plasma membrane [21].
The hyperpolarizations were caused by a potassium conductance, which in turn was
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stimulated by the transient elevations in the intracellular free Ca2+ levels. The transients were then observed directly in mouse eggs using the Ca2+ -sensitive photoprotein
aequorin [22, 23]. Subsequent findings that identified InsP3 as a Ca2+ -mobilizing second messenger [24], the demonstration that its level increased during fertilization [25],
and the discovery that its injection into the egg stimulated parthenogenetic activation [26] established that InsP3 was the molecule that had a key role in generating the
fertilization Ca2+ signal by triggering the release of Ca2+ from intracellular stores.
The repetitive nature of the fertilization Ca2+ signal in mammals seems to be
important. The relationship between the frequency and amplitude of the Ca2+ oscillations and successful egg activation has been well demonstrated by experiments in
which a specific number of electrical pulses resulting in defined peaks in intracellular
Ca2+ was applied to mouse oocytes and the success of subsequent oocyte activation
was measured [27]. Recent studies illustrate that the number of transients is important for fully activating oocytes [28] and the total duration of the calcium signal is
a main regulator of egg activation [29]. Microarray analysis indicates that different oscillation patterns affect both gene expression and development of the resulting
embryo [30]. These studies highlight the importance of strict temporal and spatial
regulation of Ca2+ oscillations for mammalian egg activation.

1.2.2

Ca2+ Influx During Fertilization

The series of Ca2+ transients during fertilization stopped upon the removal of extracellular Ca2+ and its frequency also depended on the Ca2+ concentration outside
of the cell [31]. Based on these observations, it was hypothesized that Ca2+ entry
was a key element of the spiking mechanism in mammalian eggs. The sperm-induced
Ca2+ transients seemed to be associated with a continuous Ca2+ influx, and a linkage between the Ca2+ influx and Ca2+ release from the intracellular stores was also
suggested [31]. However, the identity of the transport system through which Ca2+
passed through the plasma membrane was not known. Voltage-gated Ca2+ channels
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present in the plasma membrane of hamster eggs [32] were ruled out mostly because
the frequency of the hyperpolarization responses increased on hyperpolarization. A
model of Ca2+ oscillations was later proposed where the fertilizing sperm increased
the permeability of the plasma membrane and the Ca2+ influx was essential not only
for providing favorable conditions for the discharge of Ca2+ but also for the refilling
of the Ca2+ pools to release Ca2+ again [33].
The dependence of the oscillations on extracellular Ca2+ was also demonstrated
in mouse eggs. By using fluorescent Ca2+ indicators to monitor intracellular free
Ca2+ levels, these experiments revealed that the initial Ca2+ increase is independent
of extracellular Ca2+ while the subsequent transients require extracellular Ca2+ to
replenish the intracellular store [34]. They also helped to clarify that the sperminduced Ca2+ oscillations rapidly stopped or their frequency significantly decreased
upon chelation of external Ca2+ [35,36]. In addition, depleting the intracellular stores
with thapsigargin, a plant-derived inhibitor of the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA), activated a Ca2+ influx across the plasma membrane in
unfertilized eggs and suppressed the train of Ca2+ spikes in fertilized ones [35]. This
indicated that a mechanism known in somatic cells as store-operated Ca2+ entry was
functional in mouse eggs as well and implied that it was essential to refill the stores
and maintain the Ca2+ oscillations. Further evidence regarding the existence of Ca2+
influx during fertilization came from experiments using the sulfhydryl reducing agent
dithiothreitol (DTT). In unfertilized mouse eggs, DTT increased the rate of divalent
cation influx while in fertilized eggs it was able to accelerate the frequency of the
sperm-induced Ca2+ transients [37]. This again implied that the influx of external
Ca2+ played an important part in signaling during fertilization.
The precise linkage between the Ca2+ influx and the train of Ca2+ spikes was
determined using the manganese (Mn2+ )-quench technique [38]. When added to
the extracellular medium, Mn2+ acts as a Ca2+ surrogate: it can cross the plasma
membrane and bind the Ca2+ indicator dye fura-2. Binding quenches the fluorescence
of fura-2 and this enables the measurement of divalent cation influx. This study
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revealed that in fertilized mouse eggs, the rising phase of each Ca2+ transient was
followed by the stimulation of a Ca2+ influx across the plasma membrane. In addition,
a smaller yet notable increase in Ca2+ influx persisted during the periods between the
spikes. Again, although the presence of voltage-gated Ca2+ channels had previously
been reported in mouse eggs [39], these cells show only negligible hyperpolarizations
during Ca2+ transients [40]. Thus, the authors hypothesized that the spike-associated
Ca2+ influx was probably controlled by the filling status of the internal stores. A
similar conclusion was reached by Mohri et al. [41] after injecting a sperm extract
into mouse eggs to stimulate repetitive Ca2+ oscillations. The injections were followed
by a persistent Ca2+ influx that was activated during the initial Ca2+ release from the
intracellular stores, possibly by a store-operated mechanism. The continuous Ca2+
influx was apparently responsible for refilling the stores and sustaining the Ca2+
oscillations.
The Ca2+ entry that is stimulated by the filling status of the Ca2+ store seems to
be under the control of protein kinase C (PKC). It was known for quite some time
that phorbol esters such as 12-O-tetradecanoylphorbol acetate (TPA) or phorbol-12myristate-13-acetate (PMA), potent stimulators of PKC, caused low-amplitude Ca2+
oscillations, ZP2 modification, zona hardening, and cortical granule exocytosis in
mouse eggs [23, 42, 43]. Similarly, 1-oleyl-2-acetylsn-glycerol (OAG), a synthetic analog of endogenous diacylglycerol (DAG, the physiological activator of PKC) promoted
mouse egg activation [42]. Further evidence came from the observation that during
Ca2+ oscillations in fertilized mouse eggs, fluorescently labeled PKCs translocated
to the egg plasma membrane repeatedly and the pattern of translocation followed
that of the Ca2+ transients and also the periodic increases in the rate of Ca2+ influx [17]. In addition, inhibition of PKCs with bisindolylmaleimide I (BIM) not only
blocked Ca2+ influx after store depletion induced by thapsigargin but also terminated the sperm-induced Ca2+ oscillations. On the other hand, the PKC agonist PMA
stimulated store-operated Ca2+ entry and promoted the long-lasting Ca2+ signal at
fertilization. In similar studies, PKC activation promoted Ca2+ influx and repetitive
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Ca2+ oscillations [44] and constitutively active PKC constructs triggered a persistent
elevation in cytosolic Ca2+ levels after the mobilization of luminal Ca2+ [45]. It was
hypothesized that the Ca2+ entry channel or some accessory proteins at the plasma
membrane became phosphorylated by PKC that in turn caused an increase in Ca2+
entry. Interestingly, the store depletion-activated Ca2+ influx in somatic cells was
inhibited, rather than stimulated, by PKC activation [46,47], and later it was demonstrated that PKC suppressed Ca2+ entry by phosphorylating Orai1, the protein that
forms the store-operated Ca2+ entry channel [48]. The reason for this difference is
not clear. It is possible that proteins of the store-operated Ca2+ entry cascade are
not substrates for PKC in eggs (other isoforms of the Orai protein such as Orai2 and
Orai3 are not targeted by PKC inhibitory phosphorylation and mouse eggs may use
such proteins as the pore-forming subunit as their store-operated Ca2+ channel) and
PKC stimulates Ca2+ influx through a completely different mechanism. Alternatively,
differences in the various PKC subtypes or variations in the molecular composition
of store-operated Ca2+ entry channels in different cell types may explain the diverse
effects of PKC on Ca2+ entry. In addition, the level of PKC activation may also be
important: in Xenopus oocytes, low level of PKC activation promoted store-operated
Ca2+ entry while high degree of PKC activity had an inhibitory effect [49]. Overall,
these findings suggested that PKC controlled cytoplasmic Ca2+ levels in eggs, and it
may do so through a store-operated entry mechanism.

1.2.3

Targets Downstream of the Ca2+ Signal

In mammals, the oscillatory Ca2+ signal is believed to be the most important
factor for egg activation. It triggers all the biological events that are associated with
fertilization. However, the downstream molecules which are regulated by the Ca2+
signal during egg activation have not been fully defined.
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Cortical Granule Exocytosis
The first biological event after the Ca2+ rise is the exocytosis of the cortical granules. The loss of granules located in the cortical region of the oocyte leads to the
release of enzymes into the perivitelline space, resulting in the modification of the
proteins in the zona pellucida, which prevents polyspermy [50]. It is well documented
that cortical granule exocytosis depends on the number of Ca2+ spikes, which in the
mouse requires 1 Ca2+ rise to start and at least 4 spikes to complete [28].

Resumption of Meiosis
The Ca2+ oscillations trigger the resumption of meiotic cell division which is characterized by extrusion of the second polar body and formation of the female pronucleus. As mentioned previously, matured mammalian eggs are arrested at the metaphase
II stage due to sustained high levels of MPF and CSF activities. The degradation of
cyclin B1 (the regulatory subunit of MPF) by ubiqutin/proteasome-mediated proteolysis induces the release of eggs from the MII arrest. After Ca2+ is released from the
internal stores, it binds calmodulin and thereby activates calmodulin-dependent kinase II (CaMKII). The activation of CaMKII occurs at each Ca2+ peak [51]. CaMKII
inhibits CSF probably by acting on the downstream components of the c-mos-MAPK
pathway, Emi1, Mad2 and Bub1 [52]. Taken together, by the inhibition of MPF and
CSF activity the eggs are released from the metaphase II arrest.
The oscillatory pattern of the Ca2+ signal is required for the degradation of MPF
and CSF. Insufficient numbers of Ca2+ rises fail to trigger the formation of the pronucleus; such eggs are arrested again at the so-called metaphase III (MIII) stage [28]. It
has also been demonstrated that the frequency and amplitude of the Ca2+ transients
affect the subsequent events of embryonic development in rabbits such as compaction,
blastocyst formation and the rate of successful transplantation [53].
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1.3

Store-operated Ca2+ Entry
In non-excitable cells a Ca2+ signal is generated when cytoplasmic Ca2+ levels

are elevated due to the release of Ca2+ from the smooth endoplasmic reticulum. The
signal is often biphasic: the initial Ca2+ release may be followed by an entry of
Ca2+ across the plasma membrane. In most cases the influx of Ca2+ is stimulated
by the depletion of the stores and hence was termed capacitative or store-operated
Ca2+ entry (SOCE; [54]). Although the mechanism was proposed long time ago, the
molecular components of the pathway were discovered recently. The results of limited
RNAi screens in Drosophila S2 cells [55] and human HeLa cells [56] identified STIM1
as a transmembrane protein located predominantly in the ER. With its canonical
EF hand motif in the lumen of the intracellular store, STIM1 (and its structurally
related congener, STIM2; [57]) senses luminal Ca2+ content and upon store depletion
translocates into regions close to the plasma membrane to activate Ca2+ influx. The
other important player in store-operated Ca2+ entry is the Orai protein. The threemember Orai family (Orai1, Orai2, and Orai3) was discovered through whole genome
RNA interference screening in Drosophila S2 cells [58–60]. The Orai1 protein is
expressed largely in the plasma membrane and contains four transmembrane domains
with cytosolic N- and C-termini [59,61]. A naturally occurring mutation in Orai1 was
identified as the cause for severe combined immune deficiency (SCID) characterized by
an absence of Ca2+ entry in T-cells, whereas expression of wild-type Orai1 restored
the Ca2+ release-activated Ca2+ current in cells of immune-deficient patients [58].
Additional experiments confirmed the significance of Orai1 in the process: its coexpression with STIM1 led to a significant increase in store-operated Ca2+ entry
[62–64], and single amino acid mutations in the protein resulted in a complete loss of
Ca2+ influx after store depletion [61,65,66]. Although Orai2 and Orai3 exhibit strong
structural similarity to Orai1, they are less potent in reconstituting Ca2+ influx in
most cells and their exact function remains unclear [58, 62]. Thus the available data
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suggest that Orai1 is the pore-forming subunit of the channel that mediates Ca2+
entry as a result of store depletion.

1.4

Store-operated Ca2+ Entry in Eggs
In many cell types, store-operated Ca2+ entry plays a crucial role in refilling the

stores after an induced Ca2+ release and/or maintaining long-lasting Ca2+ signals.
The mechanism has also been described in the female gamete: artificial depletion
of the endoplasmic reticulum leads to the generation of a Ca2+ influx across the
plasma membrane in immature Xenopus oocytes [67], and was later demonstrated in
mouse [34], pig [68] and human [69] eggs as well.
The presence of STIM1 has been described in pig [70] and mouse [71] eggs. In
the pig, STIM1 expression was shown by PCR amplification using oligonucleotide
primers based on a porcine EST sequence that showed high similarity to human and
mouse STIM1. In resting cells, STIM1 co-localized with the endoplasmic reticulum
and pharmacological store depletion triggered its redistribution in regions close to
the plasma membrane. STIM1 overexpresssion led to an increase in Ca2+ influx after depletion of luminal Ca2+ whereas the influx was inhibited in the presence of
store-operated Ca2+ channel blockers or after suppression of STIM1 expression with
siRNAs [70]. Additional experiments implicated the involvement of STIM1 in the signaling process during fertilization. The protein rapidly re-distributed at the plasma
membrane following fertilization [71]. In addition, downregulation of STIM1 expression using siRNAs in pig eggs completely abolished the repetitive Ca2+ oscillations at
fertilization and had a negative effect on subsequent embryo development. Ionomycin
added to fertilized eggs that stopped oscillating due to downregulated STIM1 levels
was able to mobilize only a small amount of Ca2+ compared with that in control
eggs, indicating that the stores were not properly refilled in the absence of STIM1.
Restoring STIM1 levels in these eggs following fertilization did not rescue embryo
development, suggesting that it was at earlier stages when the function of STIM1 was
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necessary. Finally, as expected, STIM1 downregulation was without effect on egg activation when development was stimulated parthenogenetically, by triggering a single
rise in the egg’s cytosolic free Ca2+ levels [72]. These results seem to suggest that
STIM1 is essential to maintain the repetitive Ca2+ signal by mediating store-operated
Ca2+ entry during fertilization.
The channel component of the store-operated Ca2+ entry cascade, Orai1, is also present and functional in eggs. Indirect immunocytochemistry showed that in
mouse eggs Orai1 expression levels were unaltered during maturation while STIM1
was expressed only at very low levels in the GV-stage oocyte [73]. The changes in the
expression levels of these signaling proteins seems to enhance the small store-operated
Ca2+ influx measured in GV-stage oocytes to a much higher level by the time the
oocytes complete maturation and are ready for fertilization.
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2. CHARACTERIZATION OF Ca2+ OSCILLATIONS
DURING FERTILIZATION IN PIG EGGS
2.1

Abstract
During mammalian fertilization, the sperm-derived protein PLC-ζ induces repet-

itive elevations in the egg’s intracytoplasmic calcium (Ca2+ ) concentration that are
critical for the completion of egg activation and subsequent embryo development.
These elevations are the results of Ca2+ release from the inositol 1,4,5-trisphosphate
(InsP3 )-sensitive intracellular stores. Although the oscillatory Ca2+ signal has been
shown to exist in all mammals examined, the exact mechanism regulating this signaling pathway has remained unclear. In this study we examined the pattern of the
sperm-induced Ca2+ oscillations after in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI). Mature pig eggs were selected and loaded with the Ca2+
indicator dye fura-2. By utilizing a special chamber that maintains an atmosphere of
5% CO2 and 39 ◦ C temperature during the measurement, we successfully captured
the long-lasting Ca2+ signal from the beginning of sperm-egg fusion. We found that
the initial Ca2+ peak started 27.1±7.7 min after sperm-injection during ICSI and
83.4±3.2 min after insemination during IVF. The average peak Ca2+ concentrations
(expressed as fluorescence ratio) were similar in the ICSI and IVF eggs (2.5±3 and
2.8±0.2, respectively) and there was no difference in the mean interval between the
Ca2+ transients measured in the different groups (24.2±1.1 and 21.8±2.2 min, respectively). Interestingly, the duration of the initial Ca2+ transient did not differ from
that of the additional Ca2+ oscillations, which is in sharp contrast to what has been
reported in mice, suggesting that species-specific differences exist in the mechanism
that regulate the Ca2+ signaling pathway during fertilization.
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2.2

Introduction
During fertilization, mammalian eggs exhibit a series of transient increases in

the intracellular free Ca2+ concentration [1–7]. The sperm-induced Ca2+ signal is
composed of an initial rise followed by subsequent calcium elevations. The repeated,
transient increases in the intracellular free Ca2+ concentration during fertilization
were first observed in mouse eggs [8]. Since then the sperm-induced Ca2+ oscillations
have been demonstrated in many species including hamster [9], cattle [1, 10] and
pig [11]. The oscillatory Ca2+ signal shows different patterns in different species:
the length of the signal, the amplitude and duration of each Ca2+ transient, and
the interval between the transients varies between species. These parameters have
been demonstrated to be critical for complete egg activation and further embryo
development [12–14].
Although the oscillatory Ca2+ signal has been detected in many species, the sperm factor responsible for initiating the Ca2+ oscillations at fertilization remained unknown until scientists isolated PLC-ζ, a testis-specific variant of the protein phospholipase C. PLC-ζ is released from the sperm head after sperm-egg fusion and triggers
the release of Ca2+ from the egg’s intracellular Ca2+ store [15]. It is generally accepted to be the sperm factor that evokes the Ca2+ oscillations in all mammalian species
examined to date, and triggers egg activation and embryo development [16].
The sperm-induced Ca2+ signal is thought to be the most important trigger of
oocyte activation [3]. It is the result of PLC-ζ-mediated generation of inositol 1,4,5trisphosphate (InsP3 ) which in turn stimulates Ca2+ release from the endoplasmic
reticulum. During each transient the intracellular cytoplasmic Ca2+ level rises to
2-4 times higher than the original value and persists at this level for several minutes
before returning to baseline. The drop in the concentration is likely mediated by
the combined actions of sarcoplasmic/endoplasmic reticulum Ca2+ -ATPase (SERCA)
pumps that move Ca2+ back into the endoplasmic reticulum and plasma membrane
Ca2+ ATPase (PMCA) pumps that remove Ca2+ from the cell. The Ca2+ oscillations
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last for several hours and in the mouse they stop at the time when pronuclei form. It
has been clearly showed that the persistence of the Ca2+ oscillations depends on an
influx of Ca2+ across the plasma membrane that is responsible for replenishing the
Ca2+ stores [3, 17].
In mouse eggs, the initial Ca2+ transient is larger and lasts longer than the additional Ca2+ rises [3]. A similar phenomenon was found in cattle using zona-free
eggs [1, 10]. However, the use of zona-free eggs raised the possibility of polyspermy,
which could interfere with the signal pattern [1]. Therefore in our study, we used
a different approach to characterize the sperm-induced Ca2+ oscillations in order to
better understand the mechanism behind this crucially important signal. In our experiments we applied a specifically-designed micro-incubation chamber to provide a
favorable environment for the eggs during measurements; we also used intracytoplasmic sperm injection (ICSI) and/or in vitro fertilization of zona-intact eggs in an effort
to eliminate the effects of polyspermy on the signal pattern.

2.3

Materials and Methods

2.3.1

Chemicals

All chemicals were purchased from Sigma-Aldrich Chemical Company (St. Louis,
MO) unless otherwise indicated.

2.3.2

Oocyte Maturation

Ovaries from prepubertal gilts were collected from a local slaughterhouse. Follicular fluid was aspirated from 3-6 mm follicles using a syringe and 20G hypodermic needle. The cumulus-oocytes complexes (COCs) were rinsed 2 times in Hepes-buffered
Tyrode’s Lactate (TL-Hepes) medium and transferred into TCM-199 medium (50
oocytes per 500 µl of medium) supplemented with 0.1 mg/ml cysteine, 10 ng/ml
epidermal growth factor (EGF), 0.5 IU/ml luteinizing hormone (LH) and 0.5 IU/ml
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follicle stimulating hormone (FSH) at 39 ◦ C in 5% CO2 in air. After 42 hours of
maturation, the surrounding cumulus cells were removed by vortexing for 4 minutes
in the presence of 1 mg/ml hyaluronidase. Mature oocytes with intact plasma membrane, evenly dark cytoplasm and extruded first polar bodies were selected and used
for the experiments.

2.3.3

In Vitro Fertilization

Mature oocytes were rinsed in a modified Tris-buffered medium (mTBM) as fertilization medium consisting of 113.1 mM NaCl, 3 mM KCl, 7.5 mM CaCl2 ×2H2 O, 20
mM Tris (crystallized free base), 11 mM glucose, 5 mM sodium pyruvate, 0.1% bovine
serum albumin (BSA), and 1 mM caffeine [18]. Groups of 20 to 30 eggs were placed
into 50 µl droplets of the medium covered with mineral oil. Fresh semen collected
from a large white boar was diluted in Modena extender and kept at 17 ◦ C until use.
Right before in vitro fertilization, the semen was washed twice by centrifugation at
900 g for 4 min in Dulbecco’s phosphate-buffered saline (DPBS). The final sperm pellet was diluted with the modified Tris-buffered medium described above. The sperm
suspension at a final concentration of 5 × 105 cells/ml was used for fertilization.
In order to measure the fertilization Ca2+ signal, zona-intact eggs were transferred
to the Ca2+ measurement chamber in a drop of IVF medium. In these cases the
medium did not contain BSA; the purpose of this was to attach the eggs to the
bottom of the chamber and prevent their passive movement during measurements.
After a brief baseline recording, freshly washed sperm (final concentration of 500,000
cells/ml) was added to the eggs together with BSA (final concentration of 5%). The
chamber was connected to a gas tank containing 5% CO2 in air to maintain the
optimal pH of the medium for fertilization. The temperature of the chamber was
kept at 39 ◦ C.
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2.3.4

Intracytoplasmic Sperm Injection

Microinjection of whole spermatozoa into eggs was performed at 39 ◦ C on the
warming stage of a Nikon TE2000-U inverted microscope (Nikon Corporation; Tokyo, Japan) using a glass injection pipette that was prepared from borosilicate glass
capillary tubes (Sutter Instrument Co., Novato, CA). The external and internal diameters of the tip of the injection pipette were 10-11 µm and 8-9 µm, respectively. A
small amount of washed spermatozoa was transferred into drops of TL-Hepes medium that contained 7% polyvinylpyrrolidone (PVP). A single spermatozoon was then
aspirated into the injection pipette with a minimal amount of medium and the tip
of the pipette was brought in contact with the zona pellucida of the egg, which was
held by a holding pipette with an external diameter of 100-110 µm and an internal
opening of 15-20 µm. The tip of the injection pipette introduced into the perivitelline
space first then was pushed against the oolemma and introduced into the cytoplasm.
After a small amount of cytoplasm was pulled into the pipette to confirm that the
tip was in the cytoplasm, the spermatozoon in a minimal amount of medium was
expelled into the egg. The pipette was then gently withdrawn from the egg.
To detect the sperm-induced Ca2+ signal, two to three eggs were injected at a time
(usually with 10 min) to shorten the time between sperm injection and Ca2+ measurement. Immediately after ICSI, the oocytes were transferred to the glass-bottom
chamber and changes in the cytoplasmic Ca2+ levels were monitored as described
below.

2.3.5

Fluorescence Recordings

The eggs were loaded with the Ca2+ indicator dye fura-2 by incubation in TLHepes medium containing 2 µM fura-2 AM (acetoxymethyl ester form) and 0.02%
detergent pluronic F-127 (both from Invitrogen; Carlsbad, CA) for 45 min. After
incubation, the eggs were rinsed in TL-Hepes medium and transferred to a chamber with a glass coverslip as the bottom. The changes in the intracellular free Ca2+
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concentration of the eggs were recorded using InCyt Im2, a dual-wavelength fluorescence imaging system (Intracellular Imaging, Inc.; Cincinnati, OH). Fluorescence
was recorded by calculating the ratio of fura-2 fluorescence at 510 nm excited by UV
light alternatively at 340 and 380 nm. The results are presented as fluorescence ratio
values with ratios of 1 and 5 representing 100 and 1200 nM Ca2+ , respectively. For
each treatment, the measurement was repeated several times using different eggs.

2.3.6

Statistical Analysis

The results were compared by the Student’s t-test. Statistical comparisons were
performed using the Statistical Analysis System (SAS Institute, Cary, NC). Differences were considered significant at P<0.05.

2.4

Results
In our study, we used two different approaches, in vitro fertilization and intracy-

toplasmic sperm injection, to capture the sperm-induced Ca2+ oscillations. We found
that in the IVF group the oscillations started 83.4±23.2 min after adding the sperm
to the eggs (a total of 9 measured), while in the ICSI group the first Ca2+ transient
took place after 27.1±17.7 min (a total of 7 eggs measured). The average peak fluorescence ratio (that refers to the Ca2+ concentration) for the IVF and ICSI groups
were 2.8±1.2 and 2.5±1.3, while the mean interval between Ca2+ transients were
21.8±12.2 and 24.2±11.1 min, respectively. These values varied among individual
eggs, which may be due to differences in Ca2+ store contents or the amount of Ca2+
channels (e.g. influx channels, InsP3 receptors and Ca2+ ATPases) that are present
in the eggs. In addition, these variations could be caused by the different amount of
PLC-ζ carried by individual sperm cells fertilizing the egg (Fig. 2.1). However, no
significant differences were observed between the IVF and ICSI groups in terms of
the peak Ca2+ concentration and the interval between transients (Table 2.1). Most
importantly, in all eggs measured (after both in vitro fertilization and intracytoplas-
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mic injection of the sperm), we found that the initial Ca2+ peak showed no difference
compared with the subsequent Ca2+ rises, their amplitude and duration was similar
to that of the additional peaks (Fig. 2.1, Table 2.1).

2.5

Discussion
It has been shown that the initial Ca2+ rise is to be the most important and

effective signal to trigger egg activation and embryo development, but the following
ones also play important roles to regulate gene expression and support embryo development through a certain de-coding mechanism, depending of the number of Ca2+
transients that had been artificially applied to the eggs [12]. Although a single Ca2+
rise can induce the resumption of meiotic division [19, 20], better embryonic development was observed when multiple rises in the Ca2+ levels were induced in the mouse
egg cytoplasm [21].
During parthenogenetic egg activation, the intracytoplasmic Ca2+ signal that normally occurs after fertilization is artificially reproduced to induce embryonic development. The increase in cytosolic Ca2+ concentration has to be sufficient to trigger
the numerous biological events that are associated with egg activation [22]. Many artificial activation methods were designed to mimic the Ca2+ signal normally induced
by the fertilizing sperm. In mammals however, the sperm-induced Ca2+ signal that
triggers egg activation occurs as long-lasting Ca2+ oscillations and there are very few
known stimuli that are able to generate an oscillatory Ca2+ signal. This is mostly due
to the lack of knowledge about the mechanism control the Ca2+ signal during fertilization. Little is known about the regulation, source and channels that are associated
with this signaling pathway. More importantly, many studies have shown that different Ca2+ channels are involved in this process in a species-specific manner [23, 24]. It
is critical to identify and characterize the mechanism that controls the Ca2+ oscillations in eggs in order to fully understand the fertilization process in mammals; this
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is essential for the development of better egg activation methods that could be used
in assisted reproduction technologies and also, during somatic cell nuclear transfer.
In mouse, the initial Ca2+ peak is usually 3 to 5 times longer and also larger than
the subsequent transients [3]. One explanation for this phenomenon is that sperm-egg
binding induces Ca2+ release in a large fraction of the Ca2+ stores and thereby causes
a very large signal, whereas the additional Ca2+ spikes may be generated by Ca2+
release from a smaller fraction of stores [10]. Similar results were obtained in bovine
eggs as well [1, 10]. However, these studies using zona-free bovine eggs significantly
increased the possibility of polyspermy, and fertilization by multiple sperm is known
to affect the interval and amplitude of Ca2+ signals during fertilization [1].
In our study, we successfully monitored the sperm-induced Ca2+ signals in pig
eggs after both IVF and ICSI. By using a micro-incubation chamber designed to
provide complete environmental control for the eggs during measurements, we were
able to detect previously unknown details of the fertilization Ca2+ signal in swine:
for example capturing the very first Ca2+ rise and measure the interval between
transients in zona-intact eggs. In mice the initial sperm-induced Ca2+ elevation is
significantly larger and lasts longer than the subsequent rises. However, in pigs we
found no difference between the initial Ca2+ rise and the additional ones, suggesting
that species-specific mechanisms may exist in the regulation of the sperm-induced
Ca2+ signal. The origin of Ca2+ may be different between species, and different Ca2+
release and influx channels may be involved in this signaling pathway. In addition,
we found the average time between the Ca2+ spikes to be somewhat longer than
reported previously [7, 11]. In those experiments zona-free eggs were used; we also
observed higher frequency oscillatory signals if spermatozoa were added to zona-free
eggs (data not shown), indicating that polyspermy can have an effect on the fertilizing
Ca2+ signals. Finally, the average time between sperm-addition and the initial Ca2+
peak was different between IVF and ICSI eggs indicating that it took about 1 hour
for the sperm to penetrate the zona pellucida (Fig. 2.1).
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Our results suggest that species-specific differences exist in the mechanisms regulating the fertilization Ca2+ signal in eggs and indicate that data obtained in one
species can be applied in another only with caution. This has important ramifications
in improving efficiency of assisted reproductive technologies.

first transient

2.8±1.2a
2.5±1.3a

(min)∗

83.4±23.2a
27.1±17.7b

IVF (n=9)

ICSI (n=7)

5.0±2.4a

4.4±2.3a

2.5±1.1a

2.7±1.0a

transients

24.2±11.1a

21.8±12.2a

terval (min)

Amplitude of Interspike in-

5.1±1.9a

4.6±1.8a

(min)

transients

Duration

In the IVF group, it is the time between insemination and the beginning of first Ca2+ rise; in the ICSI group, it is the time

ab

Different letters in the same column indicate significant differences.

from sperm injection to the beginning of first Ca2+ rise.

*

of

first transient

Amplitude of Duration

Treatment

first transient

Time until
of

Table 2.1
Characteristics of sperm-induced Ca2+ oscillations in pig eggs after in vitro fertilization or intracytoplasmic
sperm injection. Data are presented as mean ± SD.
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Fig. 2.1. Sperm-induced Ca2+ oscillations. A) Ca2+ oscillations after
regular IVF. B) Ca2+ oscillations after intracytoplasmic sperm injection.
Note that in each treatment group the first Ca2+ rise is similar to the rest
of the transients.

30
2.6

References

[1] R. A. Fissore, J. R. Dobrinsky, J. J. Balise, R. T. Duby, and J. M. Robl. Patterns of intracellular Ca2+ concentrations in fertilized bovine eggs. Biol Reprod,
47(6):960–9, 1992.
[2] R. A. Fissore and J. M. Robl. Mechanism of calcium oscillations in fertilized
rabbit eggs. Dev Biol, 166(2):634–42, 1994.
[3] D. Kline and J. T. Kline. Repetitive calcium transients and the role of calcium
in exocytosis and cell cycle activation in the mouse egg. Dev Biol, 149(1):80–9,
1992.
[4] S. Miyazaki, H. Shirakawa, K. Nakada, and Y. Honda. Essential role of the
inositol 1,4,5-trisphosphate receptor/Ca2+ release channel in Ca2+ waves and
Ca2+ oscillations at fertilization of mammalian eggs. Dev Biol, 158(1):62–78,
1993.
[5] S. Miyazaki, M. Yuzaki, K. Nakada, H. Shirakawa, S. Nakanishi, S. Nakade,
and K. Mikoshiba. Block of Ca2+ wave and Ca2+ oscillation by antibody to
the inositol 1,4,5-trisphosphate receptor in fertilized hamster eggs. Science,
257(5067):251–5, 1992.
[6] F. Z. Sun, J. P. Bradshaw, C. Galli, and R. M. Moor. Changes in intracellular
calcium concentration in bovine oocytes following penetration by spermatozoa.
J Reprod Fertil, 101(3):713–9, 1994.
[7] F. Z. Sun, J. Hoyland, X. Huang, W. Mason, and R. M. Moor. A comparison
of intracellular changes in porcine eggs after fertilization and electroactivation.
Development, 115(4):947–56, 1992.
[8] K. S. Roy Cuthbertson, D. G. Whittingham, and Peter H. Cobbold. Free
Ca2+ increases in exponential phases during mouse oocyte activation. Nature,
294(5843):754–757, 1981.
[9] Y. IGUSA and S. MIYAZAKI. Periodic increase of cytoplasmic free calcium in
fertilized hamster eggs measured with calcium-sensitive electrodes. Journal of
Physiology-london, 377:193–205, August 1986.
[10] Ken Nakada, Jinji Mizuno, Koichi Shiraishi, Kenji Endo, and Shunichi Miyazaki.
Initiation, persistence, and cessation of the series of intracellular Ca2+ responses
during fertilization of bovine eggs. Journal of Reproduction and Development,
41(1):77–84, 1995.
[11] Z. Machaty, H. Funahashi, B. N. Day, and R. S. Prather. Developmental changes
in the intracellular Ca2+ release mechanisms in porcine oocytes. Biology of Reproduction, 56(4):921–930, April 1997.
[12] T. Ducibella, D. Huneau, E. Angelichio, Z. Xu, R. M. Schultz, G. S. Kopf,
R. Fissore, S. Madoux, and J. P. Ozil. Egg-to-embryo transition is driven by
differential responses to Ca2+ oscillation number. Dev Biol, 250(2):280–91, 2002.

31
[13] J. P. Ozil, S. Markoulaki, S. Toth, S. Matson, B. Banrezes, J. G. Knott, R. M.
Schultz, D. Huneau, and T. Ducibella. Egg activation events are regulated by
the duration of a sustained [Ca2+ ]cyt signal in the mouse. Dev Biol, 282(1):39–54,
2005.
[14] A. D. Vitullo and J. P. Ozil. Repetitive calcium stimuli drive meiotic resumption and pronuclear development during mouse oocyte activation. Dev Biol,
151(1):128–36, 1992.
[15] K. Swann, C. M. Saunders, N. T. Rogers, and F. A. Lai. PLC-zeta: a sperm
protein that triggers Ca2+ oscillations and egg activation in mammals. Semin
Cell Dev Biol, 17(2):264–73, 2006.
[16] K. Swann, M. G. Larman, C. M. Saunders, and F. A. Lai. The cytosolic sperm
factor that triggers Ca2+ oscillations and egg activation in mammals is a novel
phospholipase C: PLC-zeta. Reproduction, 127(4):431–9, 2004.
[17] Y. Igusa and S. Miyazaki. Effects of altered extracellular and intracellular calcium concentration on hyperpolarizing responses of the hamster egg. J Physiol,
340:611–32, 1983.
[18] L. R. Abeydeera, W. H. Wang, T. C. Cantley, A. Rieke, R. S. Prather, and
B. N. Day. Presence of epidermal growth factor during in vitro maturation of
pig oocytes and embryo culture can modulate blastocyst development after in
vitro fertilization. Mol Reprod Dev, 51(4):395–401, 1998.
[19] B. P. FULTON and D. G. WHITTINGHAM. Activation of mammalian oocytes
by intracellular injection of calcium. Nature, 273(5658):149–151, 1978.
[20] Z. Machaty and R. S. Prather. Strategies for activating nuclear transfer oocytes.
Reprod Fertil Dev, 10(7-8):599–613, 1998.
[21] H. Kishikawa, T. Wakayama, and R. Yanagimachi. Comparison of oocyteactivating agents for mouse cloning. Cloning, 1(3):153–9, 1999.
[22] M. Whitaker and M. G. Larman. Calcium and mitosis. Seminars In Cell &
Developmental Biology, 12(1):53–58, February 2001.
[23] Y. L. Miao and C. J. Williams. Calcium signaling in mammalian egg activation
and embryo development: the influence of subcellular localization. Mol Reprod
Dev, 79(11):742–56, 2012.
[24] C. Wang and Z. Machaty. Calcium influx in mammalian eggs. Reproduction,
145(4):R97–R105, 2013.

32

3. STORE-OPERATED Ca2+ ENTRY IN PIG EGGS
DURING FERTILIZATION
3.1

Abstract
In a variety of mammalian cells, it has been shown that the depletion of intracel-

lular Ca2+ stores leads to an influx of Ca2+ across the plasma membrane through a
process known as store-operated Ca2+ entry (SOCE). The process not only plays a
critical role in the replenishment of the Ca2+ stores but it is also responsible for sustaining elevated intracellular Ca2+ levels for an extended period of time or maintaining prolonged Ca2+ oscillations in various cell types. In this study we used different
methods and various inhibitors in order to investigate the role of store-operated Ca2+
entry during fertilization in pig eggs.
in vitro matured pig oocytes were loaded with the Ca2+ indicator dye fura-2 and
the intracellular Ca2+ stores were depleted by incubation in 50 µM tharpsigargin.
The oocytes were then fertilized with capacitated boar spermatozoa and changes in
the intracellular Ca2+ concentrations were monitored. We found that without fully
filled stores, the fertilization Ca2+ signals were terminated after just 1 to 3 rises; in
these cases the subsequent embryo development was also significantly impaired and
blastocyst formation was completely blocked. Depletion of the Ca2+ stores during the
ongoing Ca2+ oscillations also interrupted the Ca2+ signals. Furthermore, by using
gadolinium (Gd3+ , which at low concentrations specifically blocks store-operated Ca2+
entry channels in the plasma membrane), or 2-aminoethyldiphenyl borate (2-APB,
which is known as a modulator of store-operated Ca2+ influx) we found that storeoperated Ca2+ entry could be blocked or activated under our experimental conditions,
respectively. Importantly, the addition of these agents to the fertilizing oocytes we
found that the sperm-induced Ca2+ signal was affected, i.e. inhibited by Gd3+ and
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activated by 2-APB. These results demonstrate that store-operated Ca2+ entry is
essential for sustaining the prolonged Ca2+ signal during fertilization in pig oocytes.

3.2

Introduction
Ionized calcium (Ca2+ ) concentration is widely used as a key signaling messenger

by almost every cell on Earth [1]. It has been shown to regulate a broad spectrum
of distinct biological events, from the beginning of life to cell death. An elevation
in the intracellular Ca2+ level is often considered as a life-giving signal because it is
essential both for sperm motility and the acrosome reaction, and also for the signal
that activates eggs during fertilization, which initiates embryo development in the
animal kingdom [2].
In general, cells can increase their cytoplasmic Ca2+ concentration using two ways:
Ca2+ release from intracellular stores or Ca2+ influx through channels in the plasma membrane. A great number of studies has been performed to identify the cell
organelles that function as Ca2+ stores and to understand the mechanism by which
Ca2+ is released into the cytosol [3]. In eukaryotic cells the endoplasmic/sarcoplasmic
reticulum (ER/SR) is the main intracellular Ca2+ store. Further evidence also indicates that functional sub-compartments exist within the reticulum. As a result, Ca2+
is not homogeneously distributed throughout the organelle and Ca2+ release may be
disproportional in the cytoplasm. Additional organelles such as the Golgi apparatus,
lysosomes, nuclear envelope and mitochondria have also been identified to contribute
to storing intracellular Ca2+ stores in the cell [4, 5]. The Ca2+ signals play critical
roles in almost every cell processes. In some cases the signal is short: the release
phase is transient and is deactivated within a few seconds. In other cases a sustained
Ca2+ signal is required, which is usually achieved by an initial Ca2+ release followed
by a Ca2+ influx through Ca2+ channels located in the plasma membrane. Typically,
long-lasting high intracellular Ca2+ levels are detrimental to the cell and the excess
Ca2+ must be removed from the cytoplasm in order for the Ca2+ to return to resting
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levels. This is generally accomplished by Ca2+ and/or ligand dependent inactivation
of the release channels themselves or by re-sequestration into organelles such as the
endoplasmic reticulum and mitochondria or by Ca2+ extrusions through Na+ /Ca2+
exchangers and Ca2+ -ATPases in the plasma membrane [6].
Years of studies have demonstrated that many different Ca2+ channels coexist in
the plasma membrane depending on the cell types [7]. In excitable cells such as nerve
and muscle cells, voltage-operated channels (VOCs) are the majority, but they are not
largely expressed in non-excitable cells. Receptor-operated channels (ROCs) and second messenger-operated (SMOCs) channels are less widely distributed and are found
in some excitable and non-excitable cells. On the other hand store-operated channels
(SOCs) widely exist in all eukaryotic cells [8, 9]. VOCs are activated by membrane
depolarization, whereas SMOCs are activated by small messenger molecules, the most
common being inositol phosphates, cyclic nucleotides, and lipid-derived messengers (diacylglycerol and arachidonic acid and its metabolites). SOCs are activated by
depletion of the intracellular Ca2+ stores, and ROCs are activated by direct binding
of a neurotransmitter or hormone agonist. Under certain conditions, Ca2+ can also
enter cells through the Na+ /Ca2+ exchanger operating in reverse mode [10].
The release of Ca2+ from the endoplasmic reticulum activates store-operated Ca2+
channels in the plasma membrane. This Ca2+ entry pathway is called store-operated
Ca2+ entry (SOCE) and its major function is believed to maintain high Ca2+ levels in
the endoplasmic reticulum necessary for proper protein synthesis and modification.
It also plays a central role in the regulation of a number of physiological events in
eukaryotic cells and a deficiency in SOC channels has been linked to a growing number
of diseases [11].
Ca2+ plays a critical role during fertilization in all animal species studied to date.
In all of these organisms, the rise in intracellular free Ca2+ levels induced by the sperm is responsible for releasing unfertilized eggs from meiotic arrest and for triggering
the embryonic developmental program; this process is known as egg activation. In
mammals the sperm-induced Ca2+ signal takes the form of repetitive Ca2+ transients
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(or Ca2+ oscillations) that lasts for hours. Despite the significance of the signal, little
is known about the mechanism that maintains it for several hours. Therefore, in
our study we investigated store-operated Ca2+ entry during fertilization. We hypothesized that store-operated Ca2+ entry is the mechanism that regulates Ca2+ influx
during fertilization in pig oocytes and is primarily responsible for replenishing the
intracellular stores and supporting the oscillatory Ca2+ signal.

3.3

Materials and Methods

3.3.1

Chemicals

All chemicals were purchased from Sigma-Aldrich Chemical Company (St. Louis,
MO) unless otherwise indicated.

3.3.2

Oocyte Maturation

Ovaries from prepubertal gilts were collected from a local slaughterhouse. Follicular fluid was aspirated from 3-6 mm follicles using a disposable syringe and 20G
hypodermic needles. The cumulus-oocytes complexes (COCs) were collected from the
follicular fluid, rinsed 2 times in Hepes-buffered Tyrode’s Lactate (TL-Hepes) medium and then transferred into TCM-199 medium (50 COCs per 500 µl of the medium)
supplemented with 0.1 mg/ml cysteine, 10 ng/ml epidermal growth factor (EGF), 0.5
IU/ml luteinizing hormone (LH) and 0.5 IU/ml follicle stimulating hormone (FSH) at
39 ◦ C in 5% CO2 in air. After 42 hours of maturation, the surrounding cumulus cells
were removed by vortexing for 4 minutes in 1 mg/ml hyaluronidase. Mature oocytes
with intact plasma membrane, evenly dark cytoplasm and extruded first polar bodies
were selected and used for the experiments.
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3.3.3

Fluorescence Recordings

The eggs were loaded with the Ca2+ indicator dye fura-2 by incubation in TLHepes medium containing 2 µM fura-2 AM (acetoxymethyl ester form) and 0.02%
detergent pluronic F-127 (both from Invitrogen; Carlsbad, CA) under a humidified
atmosphere at 39 ◦ C for 45 min. After incubation, the oocytes were rinsed in TLHepes medium and transferred to a chamber with a glass coverslip as the bottom. The
changes in the intracellular free Ca2+ concentration were recorded using InCyt Im2, a
dual-wavelength fluorescence imaging system (Intracellular Imaging, Inc.; Cincinnati,
OH). Fluorescence was recorded by calculating the ratio of fura-2 fluorescence at 510
nm excited by UV light alternatively at 340 and 380 nm. The results are presented
as fluorescence ratio values with ratios of 1 and 5 representing approximately 100 and
1200 nM Ca2+ , respectively. For each treatment, the intracellular Ca2+ measurement
was repeated several times using different eggs.

3.3.4

In vitro Fertilization and Embryo Culture

Mature eggs were rinsed in a modified Tris-buffered medium (mTBM) as IVF
medium consisting of 113.1 mM NaCl, 3 mM KCl, 7.5 mM CaCl2 ×2H2 O, 20 mM
Tris (crystallized free base, 11 mM glucose, 5 mM sodium pyruvate, 0.1% BSA, and
1 mM caffeine [12]. Groups of 20 to 30 eggs were placed into 50 µl droplets of the
medium covered with mineral oil. Fresh semen collected from a large white boar
was diluted in Modena extender and keep at 17 ◦ C until use. Right before in vitro
fertilization spermatozoa were washed twice by centrifugation at 900 g for 4 min in
Dulbecco’s phosphate-buffered saline (DPBS). The final sperm pellet was diluted with
the modified Tris-buffered medium described above. The sperm suspension at a final
concentration of 5×105 cells/ml was used for fertilization. The eggs were co-incubated
with the spermatozoa for 5 h, transferred to PZM-3 medium and incubated at 39 ◦ C in
an atmosphere of 5% CO2 in air. On day 6, the nuclei of the cultured embryos were
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stained with Hoechst 33342 and the developmental stages of the embryos together
with the total cell numbers were recorded.

3.3.5

Intracytoplasmic Sperm Injection

Microinjection of whole spermatozoa into oocytes was performed at 39 ◦ C on the
warming stage of Nikon TE2000-U inverted microscope (Nikon Corporation; Tokyo,
Japan) using a glass injection pipette that was prepared from borosilicate glass capillary tubes (Sutter Instrument Co., Novato, CA). The external and internal diameters
of the tip of the injection pipette were 10-11 µm and 8-9 µm, respectively. A small
amount of washed sperm was transferred into drops of TL-Hepes medium that contains 7% PVP. A single spermatozoon was then aspirated into the injection pipette
with a minimal amount of medium and the tip of the pipette was brought in contact
with the zona pellucida of the oocyte, which was held by a holding pipette with an
external diameter of 100-110 µm and an internal opening of 15-20 µm. The tip was
introduced into the perivitelline space first, then was pushed against the oolemma and
then introduced into the cytoplasm. After a small amount of cytoplasm was pulled
into the capillary to confirm that the tip was in the cytoplasm, a spermatozoon in a
minimal amount of medium was expelled into the cytoplasm. The pipette was then
gently withdrawn from the egg.

3.3.6

Statistical Analyses

Developmental data were subjected to one-way ANOVA using the PROC MIX
procedure of the Statistical Analysis System (SAS Institute, Cary, NC). Percentage
data were transformed by arcsine transformation prior to the ANOVA analysis. Differences among treatment means were analyzed using the Tukey’s test. The total
cell numbers were compared using Student’s t-test. Differences with P<0.05 were
considered significant in all comparisons.
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3.4

Results

3.4.1

Thapsigargin Causes Complete Ca2+ Store Depletion in Pig Eggs

Thapsigargin is a well-known inhibitor of the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase. It blocks the ability of the cell to pump Ca2+ into the sarcoplasmic/endoplasmic reticulum; this together with a continuous passive leakage of Ca2+
from the stores causes the depletion of the stores in about an hour [13]. In our experiment the endoplasmic reticulum Ca2+ store was depleted in two steps. First, mature
eggs were incubated in 50 µM thapsigargin in Ca2+ -free medium for 1 hour, then
2 µM fura-2 was added and the incubation continued for another 40 minutes. The
treated eggs were then washed thoroughly in Ca2+ -free TL-Hepes medium. Baseline
Ca2+ was monitored for 2 minutes then ionomycin was added at a final concentration of 10 µM in Ca2+ -free medium (ionomycin is an ionophore known to induce
the release of stored Ca2+ ). In control eggs (n=11) not treated with thapsigargin,
ionomycin was able to stimulate a Ca2+ rise with a mean amplitude of 2.3±0.2 (fluorescence ratio) indicating the Ca2+ content of the endoplasmic reticulum. However,
in thapsigargin-pretreated eggs (n=10), only a slight increase in the cytoplasmic Ca2+
levels were detected after the addition of ionomycin, with 1.0±0.1 peak fluorescence
ratio (Fig. 3.1).

3.4.2

Store Depletion Terminates the Sperm-Induced Ca2+ Oscillations

To further investigate the function of the intracellular Ca2+ store during fertilization, we studied the effect of pharmacologically-induced store depletion on the
fertilization Ca2+ signal. For this purpose mature pig eggs were loaded with the fura2 dye and intracytoplasmic sperm injection was performed. After 40 min incubation
in an incubator the eggs were transferred into a Ca2+ measurement chamber and
changes in the cytoplasmic Ca2+ level were monitored for about 70 min, then thapsigargin at a final concentration of 50 µM was added to the chamber. We found that
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in most eggs (9 out of 14), thapsigargin immediately terminated the ongoing repetitive Ca2+ oscillations. The addition of the inhibitor caused a slow and prolonged
Ca2+ rise that lasted for hours (Fig. 3.2A). In the rest of the cases the addition of
thapsigargin was followed by one more transient after which no additional transients
occurred (Fig. 3.2B).

3.4.3

Impaired Ca2+ Store Function During Fertilization Is Detrimental
for Embryo Development

To further confirm the hypothesis that Ca2+ stored in the endoplasmic reticulum is
required for normal Ca2+ signaling during fertilization, porcine eggs were divided into
two groups. Control eggs underwent in vitro fertilization (IVF), in the other group
the eggs were preincubated in 50 µM thapsigargin for an hour before fertilization.
The resulting embryos were then cultured in PZM-3 medium for 6 days. We found
that cleavage frequency was significantly lower in the thapsigargin-pretreated eggs
(75.0% vs. 41.9%, P<0.05; Table 3.1). In addition, blastocyst formation was severely
perturbed if the eggs were treated with the SERCA pump inhibitor thapsigargin
before IVF (26.7% vs. 0%, P<0.05; Table 3.1).

3.4.4

Gd3+ Blocks Store-operated Ca2+ Entry in Pig Eggs

Next we wanted to examine whether store-operated Ca2+ entry was required for
the generation of the fertilization Ca2+ signal in pig eggs. To accomplish this we
had to find an inhibitor that is able to specifically block Ca2+ entry channels that
are gated by the intracellular stores. In somatic cells, gadolinium (Gd3+ ) has been
shown to inhibit store-operated Ca2+ entry at a concentration of 1 µM; at higher
concentrations it blocked all types of Ca2+ entry channels [14]. When used in mouse
eggs, Gd3+ at a concentration of 10 µM successfully inhibited store-operated channels
without affecting other entry channels in the plasma membrane [15]. Therefore in this
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experiment we investigated whether 10 µM Gd3+ was able to inhibit store-operated
Ca2+ entry generated by Ca2+ add-back after a thapsigargin-induced store depletion.
Mature eggs were incubated with 50 µM thapsigargin to deplete the Ca2+ stores
and loaded with the Ca2+ indicator dye fura-2. Because Gd3+ forms a precipitate in
the presence of phosphate or bicarbonate it can only be used in simple media such as
Hank’s Balanced Salt Solution (HBSS). Therefore, the thapsigargin-pretreated eggs
were transferred into Ca2+ -free HBSS medium containing 0, 10, 200 or 1000 µM Gd3+ .
After a short baseline measurement 2 mM Ca2+ in HBSS was added to the medium
and changes in the cytoplasmic Ca2+ levels were recorded. We found that 10 µM
Gd3+ completely blocked any rise in the cytoplasmic Ca2+ levels after Ca2+ add-back
(Fig. 3.3).

3.4.5

Gd3+ Blocks Ca2+ Oscillations During Fertilization

To test the function of store-operated Ca2+ entry during fertilizaiton, in vitro
matured pig oocytes were loaded with fura-2 and fertilized in vitro as described in
the Materials and Methods. For 2 hours after the addition of sperm the fertilized
eggs were kept in an incubator in an effort to provide an optimal environment for the
establishment of the Ca2+ oscillations. The zona pellucida of these fertilized eggs was
then removed by incubating them with 0.1% protease for 1 min; this was necessary in
order to immobilize them during the Ca2+ measurement (tail movement of the sperm
attached to the zona pellucida may move the eggs which would interfere with the
fluorescence recordings). The zona-free zygotes were transferred into simple HBSS
medium supplemented with 2 mM Ca2+ for monitoring the changes in the intracellular
free Ca2+ levels. After about 1 to 2 hours of measurement (during which the ongoing
Ca2+ oscillations were firmly confirmed), Gd3+ was added to the medium at different
concentration and the measurements continued for additional 2 hours. We found that
10 (and 100) µM Gd3+ completely halted the ongoing Ca2+ oscillations in 10 out of
10 tested eggs for both groups (Fig. 3.4).
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3.4.6

2-APB Enhances Store-operated Ca2+ Entry in Pig Eggs

Another pharmacological agent which has been shown to modulate store-operated
Ca2+ entry in somatic cells is 2-aminoethyldiphenyl borate (2-APB). It is a widely
used experimental tool that activates and then inhibits store-operated Ca2+ entry in
a dose-dependent manner. At low concentrations (1-5 µM), 2-APB potentiates Icrac
up to five fold in jurkat lymphocytes; at higher concentrations, the drug first enhances
Icrac but then the inhibitory effect dominates (Prakriya and Lewis, 2001). The Ca2+
stores in mature porcine eggs were depleted using thapsigargin in Ca2+ -free medium.
The eggs were then incubated with 50 or 500 µM 2-APB for 15 minutes, Ca2+ was then
added back to the eggs and the cytoplasmic Ca2+ levels were monitored. We found
that both 50 and 500 µM 2-APB enhanced store-operated Ca2+ entry in matured
porcine eggs: a huge rise in the intracellular free Ca2+ concentration indicating Ca2+
influx (fluorescence ratio 3.8±0.4) was observed in eggs that had been treated with
50 µM 2-APB and an even higher influx (fluorescence ratio 7.1±0.5) took place after
treatment with 500 µM 2-APB. In control eggs the influx after Ca2+ add-back was
much smaller (fluorescence ratio 1.2±0.3; Fig. 3.4).

3.4.7

2-APB Perturbs Ca2+ Oscillations During Fertilization

To further test our hypothesis that store-operated Ca2+ entry was responsible for
the generation of Ca2+ influx that sustains the long-lasting Ca2+ signal during fertilization, we applied 200 µM 2-APB to fertilized pig eggs. Pig eggs were loaded with
fura-2 and co-incubated with capacitated spermatozoa for 2 hours. The zonae pellucidae were then removed, the zona-free zygotes were transferred into the measuring
chamber and changes in the cytosolic free Ca2+ levels were recorded. After recording
stable Ca2+ oscillations for approximately 1 hour, 200 µM 2-APB was added to the
eggs. Immediately after the addition of 2-APB, a large Ca2+ rise was observed, which
stayed high and lasted till the end of the measurement (Fig. 3.4).
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3.5

Discussion
Previous studies have demonstrated the involvement of the endoplasmic reticulum

Ca2+ store during fertilization. In mouse eggs, a pre-treatment with the SERCA
pump inhibitor thapsigargin reduced the amplitude of the first sperm-induced Ca2+
transient and when applied to already fertilized eggs it suppressed the train of Ca2+
spikes [16]. A recent study also revealed the correlation between the Ca2+ transients
and the Ca2+ concentration changes in the endoplasmic reticulum during fertilization,
indicating the involvement of the Ca2+ store in generation of the sperm-induced Ca2+
oscillations [17]. Our results indicated that thapsigargin completely emptied the Ca2+
stores in porcine eggs. Interestingly, in mouse the addition of thapsigargin could
only decrease (but could not completely eliminate) the amount of Ca2+ that can be
mobilized by a subsequent treatment with an ionophore suggesting the existence of a
thapsigargin-insensitive Ca2+ store in mouse eggs [16]. Several sarcoplasmic reticulum
and endoplasmic reticulum Ca2+ -ATPases have been identified in other cells types,
and they may have different sensitivities to thapsigargin [18]. Taken together, our
results suggest that in pig eggs the Ca2+ -ATPases that exist in the membrane of the
endoplasmic reticulum are different from those found in the mouse and they may
behave differently during store depletion and refill.
Preventing the refilling of the Ca2+ stores during fertilization completely terminated the ongoing Ca2+ oscillations in our study. This was different to what was reported
in the mouse where thapsigargin pre-treatment affected only the first sperm-induced
Ca2+ rise [16]. It was suggested that in mouse eggs a large number of thapsigarginresistant SERCA pumps exist and the difference in the effect of thapsigargin between pig and mouse eggs seems to strengthen this notion. The larger size of the
thapsigargin-sensitive Ca2+ stores in pig eggs may also explain the more pronounced
Ca2+ influx detected after thapsigargin treatment and Ca2+ add back in this species.
In addition, since the action of thapsigargin irreversibly blocks the endoplasmic reticulum Ca2+ -ATPases preventing store refilling [13], this may be responsible for the
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lack of additional Ca2+ oscillations in thapsigargin-treated fertilized pig eggs. Note
that the timing of thapsigargin addition was random: in the first case, thapsigargin
was added after a Ca2+ peak, whereas in the second case it was added before a Ca2+
transient. The difference between the two results obtained can be explained by the
different status of the Ca2+ stores at the time of thapsigargin addition. As shown by
Takahashi and his colleagues, right before each oscillation the store is full, whereas it
is emptied during each peak and later it gets slowly refilled [17]. In our experiment,
when thapsigargin was added when the stores were empty no additional transients occurred (Fig. 3.2A). On the other hand, when it was added to the eggs when the stores
were full, the fertilizing-sperm in the ooplasm could trigger one more Ca2+ transient;
additional oscillations did not occur because thapsigargin blocked the SERCA pumps
and prevented the refilling of the stores (Fig. 3.2A). In both cases the empty stores
eventually stimulated an influx of Ca2+ across the plasma membrane detected as a
gradual increase in the cytoplasmic Ca2+ levels.
In somatic cells, Gd3+ at 1 µM concentration was shown to specifically inhibit
store-operated Ca2+ entry [14]. At higher micromolar concentrations, Gd3+ blocks not only store-operated Ca2+ entry but also Ca2+ influx via additional channel
types, whereas at millimolar concentrations Gd3+ also inhibits plasma membrane
Ca2+ -ATPase (PMCA) pumps and therefore simultaneously prevents Ca2+ efflux and
influx. This latter scenario is known as Ca2+ insulation, which causes induced Ca2+
oscillations to persist indefinitely, even in the absence of extracellular Ca2+ [19, 20].
In mouse eggs 10 µM Gd3+ successfully inhibited store-operated Ca2+ entry without affecting other Ca2+ channels [15]. Furthermore, although Gd3+ at 10 µM level
blocked pharmacologically-induced store-operated Ca2+ entry, it did not affect the
sperm-induced Ca2+ oscillations [15, 17]. This seems to imply that store-operated
Ca2+ entry in the mouse is not responsible for sustaining the fertilization Ca2+ signal. Our results are in sharp contrast with these data. In our experiments Gd3+ at
low micromolar levels (at which levels it can specifically inhibit store-operated Ca2+
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entry in both mouse and pig eggs), effectively terminated Ca2+ oscillations during
fertilization.
Another pharmacological agent which has been shown to modulate store-operated
Ca2+ entry in somatic cells is 2-aminoethyldiphenyl borate (2-APB). It is a widely
used experimental tool that activates or inhibits store-operated channels in a dosedependent manner. At low concentrations (1-5 µM), 2-APB potentiates SOC in jurkat
lymphocytes; at higher concentrations, it first enhances SOCE but then the inhibitory
effect dominates [21]. The mechanism by which it activates those channels is complex;
it involves affecting the cellular movement of the sensory protein STIM1, its redistribution into puncta near the plasma membrane and stimulation of the store-operated
channels in the plasma membrane [22, 23]. Our study indicated that at 50-500 µM
level 2-APB enhanced store-operated Ca2+ entry in pig eggs. This concentration is
somewhat higher than what was found effective in HEK293 cells [22]. Nevertheless,
2-APB not only enhanced store-operated Ca2+ entry in pig eggs but also proved to
be a powerful inhibitor of the fertilization Ca2+ signal: the sperm-induced Ca2+ transients stopped immediately in the presence of 2-APB. This supports our hypothesis
that store-operated Ca2+ entry is required to maintain the repetitive Ca2+ transients
during fertilization in pig eggs.
Taken together, these results suggest that store-operated Ca2+ entry is required
for the maintenance of the repetitive Ca2+ transients during fertilization in pig eggs.
They also imply that there may be species-specific differences between the pig and
the mouse and further studies are needed in order to apply the information to other
species.
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Table 3.1
Embryo development after in vitro fertilization following a pretreatment
with thapsigargin.

Treatment

Total no. of No.
oocytes

of Cleaved

replications

(%±SEM)

Blastocyst

Average

(%±SEM)

cell no. per
blastocyst
(%±SEM)

45

3

75.0±6.9a

26.7±2.1a

25.9±3.6a

Thapsigargin 62

3

41.9±5.3b

0b

0b

Control

ab

Different superscript letters in the same column indicate significant differences (P<0.05)
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Fig. 3.1. A treatment with thapsigargin almost completely depleted the
Ca2+ store. Mature eggs were incubated with 50 µM thapsigargin for
100 min then washed and transferred to Ca2+ -free TL-Hepes medium for
Ca2+ measurement. After 1 min baseline monitoring, ionomycin (arrow)
at a final concentration of 10 µM was added. The absence of an elevation
in the Ca2+ concentration compared to control group indicated that the
Ca2+ stores were empty at the time of the addition of the ionophore.
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Fig. 3.2. Depletion of the intracellular Ca2+ stores terminates the sperminduced Ca2+ oscillations. The repetitive Ca2+ transients were monitored
for 1-2 hours in fertilized pig eggs and then 50 µM thapsigargin was added
to the eggs. In most eggs (9 out of 14) the Ca2+ oscillations were disrupted
by a slow and prolonged Ca2+ rise (A). In the rest of the eggs (n=5) the
oscillations were terminated after an additional Ca2+ transient (B).
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Fig. 3.3. Gd3+ blocks store-operated Ca2+ entry in pig eggs. After store
depletion with 50 µM thapsigargin in Ca2+ -free HBSS medium, 2 mM
Ca2+ (arrow) was added back together with 10 µM Gd3+ . The inhibitor
completely blocked Ca2+ influx that in control eggs was stimulated by the
empty store.
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Fig. 3.4. Gd3+ blocks ongoing Ca2+ oscillations during fertilization. In
HBSS/Ca2+ medium, addition of 10 µM (A) and 100 µM (B) Gd3+ effectively terminated the sperm-induced Ca2+ oscillations.
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Fig. 3.5. 2-APB enhances store-operated Ca2+ entry in pig eggs. Pig eggs
were treated with thapsigargin in Ca2+ -free medium to deplete the Ca2+
stores and then incubated in the presence of 50 or 500 µM 2-APB. Ca2+
was then added back (indicated by the arrow) to the eggs. The addition of
2-APB to the eggs induced an immediate Ca2+ rise (indicative of a Ca2+
influx) that was enhanced in the presence of 2-APB. Note that higher
concentrations of 2-APB led to a larger Ca2+ influx.
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Fig. 3.6. 2-APB interrupts the ongoing sperm-induced Ca2+ oscillations.
After successfully monitoring the sperm-induced oscillations, 200µM 2APB was added to the fertilized eggs (arrow). An immediate Ca2+ rise
was observed. The highly elevated Ca2+ level indicated the stimulation
of Ca2+ influx channels that were already in use and active during the
oscillations.
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4. ORAI1 MEDIATES STORE-OPERATED Ca2+ ENTRY
DURING FERTILIZATION IN PORCINE EGGS
4.1

Abstract
In this study the presence of the store-operated Ca2+ entry channel Orai1 and

its function in signal transduction during fertilization have been investigated in pig
eggs. RT-PCR cloning and sequence analysis revealed that Orai1 is expressed in the
eggs with a coding sequence of 921 bp. After indirect immunocytochemistry or the
overexpression of EGFP-tagged Orai1, the fluorescent signal was present primarily in
the cell cortex consistent with plasma membrane localization of the protein. Western
blot and real-time PCR results showed that Orai1 expression decreases during oocyte
maturation; this is associated with the oocytes gaining the ability to generate a large
Ca2+ influx after store depletion. Downregulation of Orai1 expression by siRNA
microinjection blocked Ca2+ influx after store depletion and subsequent Ca2+ addback; the Ca2+ oscillations induced by the fertilizing sperm were also inhibited in
eggs with downregulated Orai1 levels. At the same time, overexpression of Orai1 in
the eggs also modified store-operated Ca2+ entry and had an inhibitory effect on the
fertilization Ca2+ signal. The abnormal Ca2+ signaling due to Orai1 downregulation
had a strong negative impact on subsequent embryo development. Co-overexpression
of Orai1 and STIM1 on the other hand, led to a dramatic increase in Ca2+ entry after
store depletion and produced a sustained Ca2+ influx during fertilization. The findings
indicate that Orai1 is a plasma membrane-resident Ca2+ channel that is responsible
for mediating Ca2+ entry after the mobilization of intracellular Ca2+ in pig eggs.
Orai1 and a functional store-operated Ca2+ entry pathway are required to maintain
the Ca2+ oscillations at fertilization and to support proper embryo development.
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4.2

Introduction
The calcium ion (Ca2+ ) is a highly versatile signaling messenger that controls a

vast number of biological functions including muscle contraction, cell differentiation,
gene expression, and cell death [1]. In non-excitable cells a Ca2+ signal is generated
when cytoplasmic Ca2+ levels are elevated due to the release of Ca2+ from the intracellular stores known as the smooth endoplasmic reticulum. The signal is often biphasic:
the initial Ca2+ release may be followed by an entry of Ca2+ across the plasma membrane. In most cases the influx of Ca2+ is stimulated by the depletion of the stores
and hence was termed capacitative or store-operated Ca2+ entry [2]. Although the
mechanism was described long time ago, the molecular components of the pathway
remained unresolved until recently. The results of limited RNAi screens in Drosophila
S2 cells [3] and human HeLa cells [4] identified STIM1 as a transmembrane protein located predominantly in the endplasmic reticulum. With its canonical EF hand motif
in the lumen of the intracellular store, STIM1 (and its structurally related congener,
STIM2; [5]) senses luminal Ca2+ content and upon store depletion translocates into
regions close to the plasma membrane to activate Ca2+ influx. The other important player in store-operated Ca2+ entry is the Orai protein. The three-member Orai
family (Orai1, Orai2, and Orai3) was discovered through whole genome RNA interference screening in Drosophila S2 cells [6–8]. The Orai1 protein is expressed largely
in the plasma membrane and contains four transmembrane domains with cytosolic
N- and C-termini [9, 10]. A naturally occurring mutation in Orai1 was identified as
the cause for severe combined immune deficiency (SCID) characterized by an absence
of Ca2+ entry in T-cells, whereas expression of wild-type Orai1 restored the Ca2+
release-activated Ca2+ current in cells of immune-deficient patients [6]. Additional
experiments confirmed the significance of Orai1 in the process: its co-expression with
STIM1 led to a significant increase in store-operated Ca2+ entry [11–13], and single
amino acid mutations in the protein resulted in a complete loss of Ca2+ influx after
store depletion [9,10,14]. Although Orai2 and Orai3 exhibit strong structural similar-
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ity to Orai1, they are less potent in reconstituting Ca2+ influx in most cells and their
exact function remains unclear [6, 11]. Thus the available data suggest that Orai1 is
the poreforming subunit of the channel that mediates Ca2+ entry as a result of store
depletion.
In many cell types, store-operated Ca2+ entry plays a crucial role in refilling the
stores after an induced Ca2+ release and/or maintaining long-lasting Ca2+ signals.
The mechanism has also been described in eggs: artificial depletion of the ER leads
to the generation of a Ca2+ influx across the plasma membrane in immature Xenopus
oocytes [15] and mature eggs of the mouse and pig [16, 17]. Recently, the STIM1
protein has been identified in pig, Xenopus and mouse eggs and its involvement in
store-operated Ca2+ entry has also been demonstrated [18–21]. Research in our laboratory indicated that under resting conditions, STIM1 was localized predominantly
in the inner cytoplasm; and store depletion led to its redistribution along the plasma
membrane. Ca2+ influx induced by the mobilization of luminal Ca2+ was inhibited
when the eggs were pretreated with lanthanum, a plasma membrane Ca2+ channel
blocker or when STIM1 expression was suppressed using siRNAs [19]. In addition,
downregulation of STIM1 expression using siRNAs in pig eggs completely abolished
the repetitive Ca2+ oscillations at fertilization and had a negative effect on subsequent
embryo development. Ionomycin added to fertilized eggs that stopped oscillating due
to downregulated STIM1 levels was able to mobilize only a small amount of Ca2+ compared with that in control eggs, indicating that the stores were not properly refilled
in the absence of STIM1. Restoring STIM1 levels in these eggs following fertilization
did not rescue embryo development, suggesting that it was at earlier stages when the
function of STIM1 was necessary. Finally, as expected, STIM1 downregulation was
without effect on egg activation when development was stimulated parthenogenetically, by triggering a single rise in the eggs cytosolic free Ca2+ levels [20]. These
results seem to suggest that STIM1 is essential to maintain the repetitive Ca2+ signal
by mediating store-operated Ca2+ entry during fertilization. In the present study we
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investigated the identity of the channel component of the store operated Ca2+ entry
pathway and characterized its potential function during fertilization in porcine eggs.

4.3

Materials and Methods

4.3.1

Chemicals

All chemicals were purchased from Sigma-Aldrich, Inc. (St. Louis, MO) unless
otherwise indicated.

4.3.2

Oocyte Maturation

Ovaries from prepubertal gilts were collected at a slaughterhouse and transported
to the laboratory. The follicular fluid was collected from follicles 3-6 mm in diameter
using a 20 G hypodermic needle attached to a 10 ml disposable syringe. Oocytes
with intact cumulus cells and evenly dark cytoplasm were selected and rinsed in
Hepes buffered Tyrode’s Lactate (TL-Hepes) medium. They were then matured in
TCM-199 (50 oocytes per 500 µl of medium) supplemented with 0.1 mg/ml cysteine,
10 ng/ml epidermal growth factor (EGF), 0.5 IU/ml luteinizing hormone (LH) and
0.5 IU/ml follicle stimulating hormone (FSH) at 39 ◦ C in 5% CO2 in air. After 44
h, the oocytes were collected and the surrounding cumulus cells were removed by
vortexing in TL-Hepes containing 1 mg/ml hyaluronidase. Eggs with intact plasma
membrane, evenly dark cytoplasm and extruded first polar bodies were selected and
used for the experiments.

4.3.3

RT-PCR

Mature eggs (n=100) were placed into 100 µl lysis/binding buffer and mRNA was
isolated using the Dynabeads mRNA DIRECT Micro Kit (Invitrogen Corporation;
Carlsbad, CA). Magnetic beads with mRNA attached were resuspended in 20 µl of
reaction mix (iScript cDNA Synthesis Kit, Bio-Rad; Hercules, CA). Reverse tran-
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scription reactions were carried out under conditions of 25 ◦ C for 5 min followed
by 42 ◦ C for 30 min and 85 ◦ C for 5 min. In order to demonstrate the presence
of Orai1 in porcine eggs, primers were designed based on a porcine EST sequence
(GenBank ID CJ030841) that showed 91% similarity at the nucleotide level with human Orai1. The forward primer used was 50 -CAACGAGCACTCGATGCAAGC-30
and the reverse primer was 50 -GTGACTCCTTGACCGAGTTGAGG-30 the primer
set was expected to amplify a 293 bp DNA fragment. As an internal control, a β-actin
primer set was used (forward primer: 50 -GGACTTCGAGCAGGAGATGG-30 reverse
primer: 50 -GCACCGTGTTGGCGTAGAGG-30 that can amplify a 233 bp fragment
from porcine cDNA or a 331 bp fragment from genomic DNA. The PCR was carried
out using a HotMaster Taq DNA polymerase (5 PRIME, Inc.; Gaithersburg, MD);
the cDNA obtained from the eggs was used as a template. The reaction was started
with an initial cycle of 94 ◦ C for 2 min, followed by 32 cycles of denaturation for 30 s
at 94 ◦ C, annealing for 20 s at 55 ◦ C, and extension for 30 s at 68 ◦ C; the last cycle
was followed by a 10-minute final extension. The amplified products were separated
on a 1.5% agarose gel.

4.3.4

Gene Cloning

In order to clone the entire Orai1 coding sequence, oligonucleotide primers were
designed based on porcine EST sequences (GenBank ID CJ030841, DB787655 and
DB809483) showing more than 88% nucleotide similarity with human Orai1. The
primers were: forward, 50 -GCCTTTGCAGCGTGCTCC-30 reverse, 50 -GTAGTCGCTTCCTCGACCTCC-30 . These primers were expected to amplify a 1035 bp fragment
of Orai1 from cDNA produced by the RT reaction. The β-actin primers were also
used as described above to detect genomic DNA contamination. The PCR reaction
was carried out using a Platinum Pfx DNA polymerase with 2×Pfx Amplification
buffer and 3× Enhancer Solution (Invitrogen); the reaction was started with an initial cycle of 98 ◦ C for 5 min, followed by 32 cycles of denaturation for 30 s at 95 ◦ C,
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annealing for 40 s at 56 ◦ C, and extension for 2 min at 68 ◦ C, with a 10-minute final
extension following the last cycle. The amplicons were separated on a 1% agarose
gel.
The PCR products having the expected size were inserted into TOPO 2.1 vector by
using the TOPO TA Cloning Kit (Invitrogen) and the vectors were transformed into
competent E. coli cells. The plasmids were isolated, purified using the FastPlasmid
Mini kit (5PRIME), and digested with EcoR1; the final products were separated on
a 1% agarose gel. The purified plasmid DNA was sent to the DNA Sequencing Low
Throughput Laboratory of Purdue University for sequencing.

4.3.5

SDS-PAGE and Western Blot

Five hundred oocytes at either the germinal vesicle (GV) stage (immediately after oocyte collection) or the metaphase II (MII) stage (at the end of the maturation
period) were pooled and lysed in SDS sample buffer. The lysates were boiled for 3
min and centrifuged at 12,000 g for 4 min before loading. The proteins were separated by SDS-PAGE on ice using a 5% stacking gel and a 12% separating gel for
30 min at 90 V and 2.5 h at 120 V, respectively, and then electrophoretically transferred onto nitrocellulose membranes by the semi-dry transfer method at 180 mA
for 1 h. After blocking at room temperature for 1 h in TBST buffer containing 5%
non-fat milk, the membrane was incubated with rabbit anti-Orai1 polyclonal antibody (1:1000; Chemicon, Billerica, MA) overnight at 4 ◦ C. After three washes for 10
min each in TBST, the membrane was incubated for 1 h at room temperature with
horseradish peroxidase (HRP)-conjugated anti-rabbit immunoglobulin G (Promega;
Madison, WI) diluted 1:1500 in TBST. The membrane was washed three times in TBST, then processed using the enhanced chemiluminescence (ECL) detection system
(Pierce Thermo Scientific; Rockford, IL) and exposed to an X-ray film.
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4.3.6

Immunocytochemistry

Mature eggs were fixed with 4% paraformaldehyde in phosphate buffered saline
(PBS; pH 7.4) for 30 min at room temperature. Fixed eggs were incubated with
5 µg Alexa Fluor 488-conjugated wheat germ agglutinin (Invitrogen) for 10 min, to
label the plasma membrane. They were then permeabilized with 0.5% Triton X100 for 4 h at 37 ◦ C and blocked in PBS supplemented with 1% BSA for 1 h at
room temperature. The processed samples were incubated with rabbit anti-Orai1
primary antibody (polyclonal, Chemicon, 1:100) overnight at 4 ◦ C (in the case of
control cells the primary antibody was either omitted or replaced with non-immune
IgG of similar concentration). They were then washed extensively and treated with
rhodamine-conjugated goat anti-rabbit secondary antibody (Upstate, 1:500) for 1 h
at room temperature; the DNA was stained with Hoechst 33342. After mounting
on microscope slides under posted coverslips the localization of the Orai1 protein
was examined with a laser-scanning confocal microscope (Zeiss LSM 710; Carl Zeiss
MicroImaging, LLC, Thornwood, NY).

4.3.7

Quantitative Real-time PCR

Messenger RNA was isolated from pools of 50 oocytes of three different developmental stages: GV, MI (24 h after the beginning of maturation) and MII. The
mRNA samples were reverse transcribed into cDNA as described above and used
for real-time PCR. The primers designed for use in real-time PCR are shown in
Table 4.1. YWHAG was used as a housekeeping gene for normalization (GenBank
accession number CO94522 [22]; the YWHAG primers were a kind gift from Dr. Ryan
Cabot.) Each reaction mixture consisted of 2.5 µl of cDNA, 5 µl each of forward (1
µM) and reverse (1 µM) primers, and 12.5 µl SybrGreen PCR Master Mix (Bio-Rad)
in a total reaction volume of 25 µl in 96-well plates. PCR reactions were performed
in three biological and two technical replicates; for each replicate cDNA from a single
pool of embryos was sub-divided to amplify all genes during the same PCR assay. In
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negative controls, RT reactions in which the reverse transcriptase enzyme had been
replaced with nuclease-free water were used as templates.
PCR was carried out on a MyiQ single color real-time thermal cycler (Bio-Rad).
The following program was used: initial temperature at 94 ◦ C for 5 min followed by
40 cycles of 5 s at 94 ◦ C, 30 s at 60 ◦ C, and 30 s at 72 ◦ C. Real-time fluorescence data
were collected during the extension period. A melting curve was produced to verify
the identity of the individual PCR products. Amplification data were enumerated
using the relative quantification method based on comparative threshold cycle (CT )
values [23]. The transcript abundance of each gene was determined relative to that
of the internal control gene YWHAG. The CT value, i.e. the cycle number when the
amount of amplified product moves above background during the log-linear phase
was established for each gene and the values for Orai1 and STIM1 were subtracted
from that of YWHAG to obtain the ∆CT . The GV stage was then selected as the
calibrator to generate ∆∆CT values. Fold differences in transcript abundance were
calculated for Orai1 and STIM1 assuming an amplification efficiency of 100% and
using the equation 2−∆∆CT . To verify that amplification efficiencies were similar for
each amplicon a validation test for all primers used was run prior to the experiment
in three independent replications.

4.3.8

In vitro Transcription

Porcine Orai1 tagged N-terminally with the enhanced green fluorescent protein
(EGFP-Orai1) was constructed by first introducing a 50 Xho1 site in-frame before the
starting methionine of the Orai1 coding sequence and a 30 EcoR1 site immediately
after the stop codon. The corresponding fragment was ligated between Xho1 and
EcoR1 sites of the pEGFP-C1 vector (Clontech; Mountain View, CA). In order to
facilitate in vitro transcription, primers were designed to introduce a non-priming
T7 promoter sequence to the construct to amplify the T7-EGFP-Orai1 DNA fragment. The sequence of the forward primer was: 50 -TAATACGACTCACTATAGG
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GATGGTGAGCAAGGGCGAGG-30 and that of the reverse primer was: 50 -TTAG
GCATAGTGGCTGCCGG-30 . The PCR product was then transcribed in vitro using the mMESSAGE mMachine kit (Applied Biosystems/Ambion; Austin, TX). The
generated mRNA was then stored in 3 µl aliquots at -80 ◦ C until use.

4.3.9

RNA Interference

Small interfering RNA (siRNA) was generated to target the fourth transmembrane domain of Orai1 [24]. A number of siRNA sequences were designed through
the Stealth RNAi program of Invitrogen. The target region of each potential siRNA was blasted against all available porcine sequences in GenBank to determine the
specificity and the one showing the highest specificity was selected. The sequences
of the siRNAs selected for the experiment are the following: sense, 50 -CCUUUGGC
CUGAUCUUUAUCGUCUU-30 antisense, 50 −AAGACGAUAAAGAUCAGGCCAA
AGG-30 . The siRNAs were diluted to a final concentration of 1 µM in diethylpyrocarbonate (DEPC)-treated nuclease-free water, aliquoted and stored at -80 ◦ C until
use. Oocytes injected with a scrambled siRNA duplex (sense, 50 -CCUCGGGUCC
UAUUUCUAUGUUCUU-30 antisense, 50 -AAGAACAUAGAAAUAGGACCCGAG
G-30 were used as negative controls. The siRNAs were then microinjected into immature oocytes. Subsequently, the success of Orai1 downregulation was determined by
RT-PCR at the transcript level and by Western blot analysis at the protein level.

4.3.10

Microinjection

The oocytes were microinjected with mRNA or siRNA on the heated stage of
a Nikon TE2000-U inverted microscope (Nikon Corporation; Tokyo, Japan) using a
FemtoJet microinjector (Eppendorf; Hamburg, Germany). For overexpression, the
oocytes were denuded 32 h after the beginning of maturation and EGFP-Orai1 mRNA was injected into the oocytes’ cytoplasm; the microinjection was performed in
Ca2+ -free TL-Hepes to avoid inadvertent oocyte activation as a result of Ca2+ con-
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tamination. In some cases EGFP-Orai1 mRNA was co-injected with mRNA encoding
STIM1 conjugated to the yellow fluorescent protein (YFP-STIM1 [19]). Microinjected
oocytes were rinsed with TCM-199 and incubated in the same medium supplemented with 0.1 mg/ml cysteine and 10 ng/ml EGF at 39 ◦ C in 5% CO2 for additional
15 h (this time was sufficient to allow translation based on previous experiments).
In Orai1 downregulation experiment, siRNA designed against Orai1 was microinjected into cumulus enclosed GV-stage oocytes. Introducing the siRNA into immature
oocytes allows for longer incubation of the injected cells and therefore, more complete
downregulation of the protein. In these cases the siRNA was injected together with
a FITC-labeled dextran; green fluorescence in the injected oocytes under UV light
indicated successful microinjection. Controls included oocytes injected with scrambled siRNA or with the fluorescent dextran only. Successfully injected cells were then
placed into maturation medium and incubated for 44 h. At the end of the maturation
period the oocytes with first polar bodies and intact plasma membranes were selected
and used for further analyses.

4.3.11

Fluorescence Recordings

Mature eggs were loaded with the Ca2+ indicator dye fura-2 by incubation in TLHepes medium containing 2 µM fura-2 AM (acetoxymethyl ester form) and 0.02%
pluronic F-127 (both from Invitrogen) under a humidified atmosphere at 39 ◦ C for 40
min. After incubation, the eggs were rinsed in TL-Hepes medium and transferred to a
chamber with a glass coverslip as the bottom. Changes in the intracellular free Ca2+
concentration were detected using InCyt Im2, a dual-wavelength fluorescence imaging
system (Intracellular Imaging, Inc.; Cincinnati, OH). Fluorescence was recorded as
the ratio of fura-2 fluorescence at 510 nm excited by UV light alternatively at 340 and
380 nm. The Ca2+ concentration was calculated by comparing the ratio of fluorescence
at 340 and 380 nm against a standard curve of known Ca2+ concentration prepared
with fura-2 potassium salt (Invitrogen). For each treatment, the Ca2+ measurement
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was repeated at least 10 times using different oocytes. The results are presented as
fluorescence ratio values with ratios of 1 and 5 representing 100 and 1200 nM Ca2+ ,
respectively.

4.3.12

In Vitro Fertilization and Embryo Culture

To measure the sperm-induced changes in the cytosolic free Ca2+ levels the zonae
pellucidae of the mature eggs were removed by incubation in 0.1% protease for 20 s.
After washing in TL-Hepes medium, zona-free eggs were then loaded with fura-2 and
rinsed in a modified Tris-buffered medium consisting of 113.1 mM NaCl, 3 mM KCl,
7.5 mM CaCl2 ×H2 O, 20 mM Tris (crystallized free base), 11 mM glucose, 5 mM
sodium pyruvate, 0.1% BSA, and 1 mM caffeine [25]. Groups of 20 to 30 eggs were
placed into 50 µl droplets of the same medium covered with mineral oil. Fresh semen
collected from a Large White boar was diluted in Modena extender and kept at 16◦ C
up to six days. Right before in vitro fertilization the spermatozoa were washed twice
by centrifugation at 900 g for 4 min in Dulbecco’s PBS (DPBS). The final sperm
pellet was diluted with the modified Tris-buffered medium described above. The
sperm suspension at a final concentration of 5×105 cells/ml was added to each 50 µl
droplet containing the eggs. The gametes were co-incubated for 30 min at 39 ◦ C in
an atmosphere of 5% CO2 in air and then transferred into the special chamber with
glass bottom for Ca2+ measurements. For the evaluation of embryo development
zona-intact eggs were co-incubated with spermatozoa for 5 h, transferred to PZM-3
medium and incubated at 39 ◦ C in an atmosphere of 5% CO2 in air. On day 7, the
nuclei of the cultured embryos were stained with Hoechst 33342 and the developmental
stages of the embryos together with the total cell numbers were determined.

4.3.13

Statistical Analysis

Developmental and real-time PCR data were subjected to one-way ANOVA using
the PROC MIX procedure of the Statistical Analysis System (SAS Institute, Cary,
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NC). Percentage data were transformed by arcsine transformation prior to the ANOVA analysis. Differences among treatment means were analyzed using the Tukey’s
test. Ca2+ measurement data and total cell numbers were compared using Student’s
t-test. Differences with P<0.05 were considered significant in all comparisons.

4.4

Results

4.4.1

Orai1 is Present in Porcine Eggs

Orai1 expression in porcine oocyte was investigated by RT-PCR. The designed
primers amplified the expected 293 bp cDNA fragment indicating that Orai1 was
expressed in the eggs. The -actin primers used as a control identified a 233 bp fragment confirming that there was no genomic DNA contamination in the PCR reaction
(Fig. 4.1A). Next, we cloned the entire coding sequence of porcine Orai1 and successfully amplified the expected 1035 bp Orai1 cDNA (Fig. 4.1B). Sequence analysis of the
PCR product indicated high similarity to mouse and human Orai1; the information
submitted to GenBank can be found under accession number NM001173519. The
deduced amino acid sequence showed 89.5% similarity to mouse and 94.4% similarity
to human Orai1 (Fig. 4.1C).

4.4.2

Orai1 is Localized in the Plasma Membrane

To investigate the localization of the Orai1 protein, mature eggs were fixed and
used for indirect immunocytochemistry. They were treated with an anti-Orai1 antibody raised against the intracellular domain of the protein. After a subsequent
treatment with the secondary antibody the confocal images of the eggs indicated
that the fluorescent signal was localized mainly in the cortical region consistent with
plasma membrane localization for the endogenous Orai1 protein (Fig. 4.2A). Control
eggs showed no specific Orai1 staining (not shown). In addition, we inserted the
cloned Orai1 coding sequence into the pEGFP-C1 vector in frame with the vector
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sequence (Fig. 4.2B). The vector was then linearized, transcribed in vitro, and the
resultant EGFP-Orai1 mRNA injected into eggs. Laser scanning confocal microscopy
images taken 15 h after microinjection indicated successful translation of the delivered mRNA; the fusion protein showed localization that was essentially identical to
the endogenous Orai1 protein (Fig. 4.2C).

4.4.3

Downregulation of Orai1 Inhibits Store-operated Ca2+ Entry

Orai1 levels of the eggs were downregulated by microinjecting siRNA designed
to target the fourth transmembrane domain of the protein (control eggs received
scrambled siRNA). The siRNAs were microinjected into cumulus-enclosed oocytes
prior to maturation. After 44 h, the surrounding cumulus cells were removed and the
immature oocytes with intact plasma membranes, evenly dark cytoplasm, and a first
polar body were selected. Some of the oocytes (100 per treatment group) were used to
isolate mRNA for RT-PCR analysis to verify Orai1 downregulation at the transcript
level. Another group of oocytes (500 per treatment) was allocated to demonstrate
Orai1 knockdown at the protein level; total proteins were isolated from these cells
and used for Western blot analysis. The remaining oocytes were used to monitor
store-operated Ca2+ entry under conditions where the number of Orai1 channels to
mediate Ca2+ influx was reduced.
RT-PCR followed by gel electrophoresis indicated that the siRNA designed against
Orai1 successfully downregulated Orai1 expression (Fig. 4.3A). In addition, Orai1
protein levels were also notably lower in the Orai1 siRNA-injected group compared to
the control group (Fig. 4.3B) further confirming the success of Orai1 downregulation.
Next, the intracellular Ca2+ stores were depleted in the oocytes by incubation
for 2 h in the presence of 10 µM cyclopiazonic acid in Ca2+ -free TL-Hepes medium
(cyclopiazonic acid is another inhibitor of SERCA pumps frequently used to passively
deplete the endoplasmic reticulum). Ca2+ (10 mM) was then added back to the
oocytes and changes in the intracellular free Ca2+ concentration were monitored.

67
In non-injected control cells (data not shown) and in control oocytes injected with
scrambled siRNA there was a large increase in the cytosolic Ca2+ level indicating a
Ca2+ influx while the Ca2+ rise was completely abolished in oocytes lacking Orai1
(Fig. 4.4).

4.4.4

Downregulation of STIM1 or Orai1 Does Not Alter the Ca2+ Content of the Stores

In the previous experiments, siRNAs against Orai1 were microinjected into GV
stage ooctyes in order to completely knockdown the protein expressions, which created a possibility that this method interfered with oocyte maturation by alternating the
Ca2+ homeostasis, decreasing the Ca2+ store content. Here we repeated the downregulation experiments and measured Ca2+ content of the endoplasmic reticulum by
adding 10 µM ionomycin in Ca2+ -free TL-Hepes medium. We found no significant
difference in the amount of Ca2+ mobilized by the ionophore among all treatment
and control groups (Fig. 4.5, Table 4.1), indicating that knockdown of STIM1/Orai1
did not alter store Ca2+ content during maturation.

4.4.5

Overexpression of Orai1 Modifies Store-operated Ca2+ Entry

Next, we studied the effect of Orai1 overexpression on the Ca2+ influx induced
by store depletion. EGFP-tagged Orai1 was expressed in eggs by microinjecting
100 ng/µl EGFP-Orai1 mRNA into the cytoplasm; control eggs were microinjected with the carrier medium. Confocal images taken 15 h after the delivery of the
mRNA showed intensive green fluorescence in the cell cortex indicating successful
overexpression of Orai1 (as demonstrated in Fig. 4.2C). We first demonstrated that
overexpression of Orai1 does not alter the ER Ca2+ store contents by addition of 10
µM ionomycin to the injected eggs in Ca2+ -free medium (Fig. 4.6). The intracellular
Ca2+ stores were then depleted by incubating the oocytes in 10 µM CPA for 2 h in
Ca2+ -free medium. Subsequent addition of 10 mM Ca2+ led to an elevation in the cy-

68
tosolic free Ca2+ concentration whose amplitude was smaller in Orai1-overexpressing
eggs compared to the control: the fluorescence ratio (R) indicating the peak Ca2+
concentration was 3.5±0.3 in cells (n=10) with elevated Orai1 levels while in control cells it was 5.4±0.5 (n=10; P<0.05; Fig. 4.4). In addition, the Ca2+ influx was
also slower, whereas the total Ca2+ influx (estimated as the area under the curve)
tended to be larger in EGFP-Orai1 mRNA-injected oocytes. However, when Orai1
was co-overexpressed with STIM1 by injecting EGFP-Orai1 mRNA together with
that of YFP-STIM1, a large increase in the Ca2+ influx ensued. In control eggs (injected with the carrier medium only), the re-addition of Ca2+ induced a Ca2+ entry
with the expected amplitude (Fluorescence ratio= 4.5; data not shown) whereas in
eggs overexpressing both Orai1 and STIM1 the amplitude was significantly larger
(Fluorescence ratio=9.1±0.2; n=10; P<0.05).

4.4.6

Orai1 Expression and the Oocytes’ Ability to Generate Store-operated
Ca2+ Entry Change during Maturation

To characterize the expression pattern of Orai1 in pig oocytes during the course
of maturation, we compared Orai1 protein levels in oocytes of different development
stages using Western blot analysis. We found that Orai1 expression was markedly
higher in immature (GV-stage) oocytes compared to that in mature oocytes at the
MII stage (Fig. 4.7). To further analyze Orai1 expression, the abundance of Orai1
transcripts together with that of STIM1 mRNA, the other signaling molecule with
a central role in store-operated Ca2+ entry, was investigated using quantitative RTPCR. The results corresponded well with the Western blot data: Orai1 transcript
levels were significantly higher (P<0.05) in immature oocytes compared to those in
eggs after maturation. At the same time, STIM1 transcript levels did not change
during oocyte maturation (Fig. 4.7).
When the Ca2+ entry induced by store depletion was explored in oocytes of different maturational stages we found that the Ca2+ influx markedly increased as the
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oocytes reached the developmental stage when they are fertilized under physiological
conditions. Oocytes at the germinal vesicle stage displayed only a small Ca2+ influx
after CPA treatment and subsequent re-addition of Ca2+ ; this influx was much larger
in eggs after maturation (Fig. 4.9).

4.4.7

Orai1 is Essential for Sustaining Ca2+ Oscillations at Fertilization

Because results of previous studies suggested that transmembrane Ca2+ influxes are associated with mammalian fertilization, next we wanted to know if Orai1
was responsible for mediating the Ca2+ entry. For this purpose, Orai1 levels were
downregulated by injecting Orai1 siRNA into GV-stage oocytes; control oocytes were
injected with scrambled siRNA. After 44 h of incubation mature eggs were collected,
the surrounding cumulus cells were removed and proteins were isolated from a total
of 500 gametes to confirm successful Orai1 downregulation. As indicated by the results of Western blot analysis, the siRNAs designed targeting Orai1 were successful
in reducing Orai1 protein levels in the eggs (Fig. 4.3B). Other siRNA-injected eggs
were used to detect changes in the cytosolic Ca2+ levels after sperm-egg fusion. The
zonae pellucidae were removed, zona-free eggs were co-incubated with porcine spermatozoa and changes in the cytosolic free Ca2+ levels were monitored. We were able
to measure a series of Ca2+ transients lasting for up to 8 h in control eggs (both in
non-injected eggs and those injected with scrambled siRNA) after fusion with sperm (Fig. 4.10A). On the other hand, most (9 out of 10) Orai1 siRNA-injected eggs
showed only one Ca2+ rise; no further oscillations were observed in these gametes
(Fig. 4.10B). In addition, the amplitude of the Ca2+ elevation was also lower in the
cells with knocked-down Orai1 levels compared to the control.
When embryo development after the fertilization of Orai1-deficient eggs was examined we found that the attenuated Ca2+ signal could stimulate only very poor
development. The percentage of cleaved eggs was significantly lower in the Orai1
siRNA-injected group compared to both non-injected or control siRNA-injected eggs
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(38.4±4.6% vs. 70.5±2.8% and 70.4±2.4%; P<0.05). In addition, the frequency
of blastocyst formation (1.9±0.8% vs.11.0±3.1% and 9.9±1.4%) and the total cell
number per blastocyst (19.8±.8 vs. 36.2±0.7 and 33.5±5.5) were also significantly
(P<0.05) lower in the groups with downregulated Orai1 levels (Table 4.3).
We also studied the effects of Orai1 overexpression on the fertilization Ca2+ signal. Porcine eggs were microinjected with EGFP-Orai1 mRNA, cultured for 15 h,
the zonae pellucidae were removed and the zona-free eggs were inseminated. Overexpression of Orai1 disrupted the normal Ca2+ signal pattern; the oscillations ran down
prematurely in 8 out of 10 eggs tested (Fig. 4.10C). These eggs showed only 2 to 6
transients of markedly lower amplitude. The remaining 2 eggs were able to generate
Ca2+ oscillations with extended duration; however, the amplitudes of the transients
were significantly lower (with a fluorescence ratio of 1.7; P<0.05) compared to those
measured in control eggs.

4.4.8

STIM1 and Orai1 Co-overexpression Disrupts the Sperm-induced
Ca2+ Oscillations

In order to further examine the function of store-operated Ca2+ entry and its
components during fertilization, we co-overexpressed EGFP-Orai1 and YFP-STIM1
by microinjecting mRNAs into pig eggs 34 hours after the beginning of maturation.
Eight hours later, EGFP-positive matured eggs were selected and loaded with the
Ca2+ indicator dye fura-2. Then in vitro fertilization was performed according to
the standard protocol and the gametes were co-incubated in an incubator for 1 hour
and changes in the intracellular free Ca2+ concentration was monitored. Among a
total of 10 eggs measured, 6 displayed an irregular Ca2+ oscillation pattern, while
the rest of the eggs (n=4) did not show any oscillations possibly due to a failure in
sperm penetration. The Ca2+ oscillations usually consisted of 2 to 4 peaks and then
the intracytoplasmic Ca2+ level remained high until the end of the measurement,
indicating the activity of Ca2+ influx channels (Fig. 4.11). The Ca2+ changes in these
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eggs were very similar to those described in Chapter 3 when the store-operated Ca2+
entry modulator 2-APB was added to fertilized eggs, suggesting that in both cases
store-operated Ca2+ influx was continuously activated (Chapter 3, Fig. 3.6).

4.5

Discussion
The oscillatory Ca2+ signal during mammalian fertilization is generated when

phospholipase C-ζ (PLC-ζ) diffuses from the sperm head into the egg cytoplasm
following the fusion of the gametes. PLC-ζ hydrolyzes phosphatidylinositol 4,5isphosphate (PIP2) located in the oocyte into inositol 1,4,5-trisphosphate (InsP3 )
and diacylglycerol; InsP3 then binds its receptors on the endoplasmic reticulum and
triggers the release of Ca2+ from the intracellular Ca2+ store [26,27]. The initial Ca2+
release is followed by a series of Ca2+ transients that is the result of cyclic release
and re-uptake of Ca2+ by the endoplasmic reticulum. The oscillatory Ca2+ signal is
responsible for the activation of the egg’s developmental program and triggers a great
number of biological events associated with egg activation such as cortical granule exocytosis to prevent polyspermy, recruitment of maternal mRNAs, and resumption of
meiosis (reviewed by Jones, 2005). In addition, the duration, amplitude and frequency of the fertilization Ca2+ signal seem to encode information that controls events
much later in time such as gene expression during peri- and postimplantation development [28,29]. Despite its importance, little is known about the signaling cascade that
sustains the oscillatory Ca2+ signal for hours after sperm-egg fusion. Previous studies
have shown that in the absence of extracellular Ca2+ or in the presence of Ca2+ channel antagonists, the oscillations cease prematurely indicating that an influx of Ca2+
is a prerequisite for the maintenance of the sperm-induced Ca2+ oscillations [30, 31].
Later it was demonstrated that the long-lasting Ca2+ signal is associated with Ca2+
influx across the plasma membrane. The influx seems to be the result of depletion
of the intracellular stores and it serves to maintain the train of Ca2+ spikes [16, 32].
The recent identification of the major components of the store-operated Ca2+ entry
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cascade in somatic cells gave impetus to the better understanding of the mechanism that is responsible for sustaining the sperm-induced Ca2+ oscillations and hence
critical for the stimulation of embryo development in mammals.
Here we demonstrated the existence of Orai1, both at the transcript and protein
level, in porcine eggs. The cloning and sequencing of the entire porcine Orai1 coding
sequence revealed a high similarity to Orai1 of other species suggesting that the
protein possesses a function similar to what has been reported in other cell types. By
indirect immunocytochemistry using an anti-Orai1 antibody and also, by expressing
an exogenous EGFP-tagged Orai1 through mRNA microinjection we demonstrated
that in mature eggs Orai1 was located primarily in the plasma membrane. As in
other studies, this localization together with the presence of the four transmembrane
domains suggested a role for Orai1 as a membrane protein.
A clear indication that Orai1 has a key role in store-operated Ca2+ entry came
from the RNAi experiments. When Orai1 levels were downregulated in the eggs the
Ca2+ influx that normally follows store depletion was completely abolished. The intracellular stores were depleted by incubating the siRNA-injected eggs in the presence
of cyclopiazonic acid in Ca2+ -free medium. Normally, Ca2+ is slowly seeping out of the
endoplasmic reticulum and then pumped back into the store by the sarco/endoplasmic
reticulum Ca2+ ATPase (SERCA) pumps. Cyclopiazonic acid specifically inhibits the
SERCA pumps; its application in Ca2+ -free medium leads to a gradual depletion of
the stores and eventual opening of the plasma membrane Ca2+ influx channels. Ca2+
add-back under such conditions leads to store-operated Ca2+ entry that can be detected as an increase in the intracellular free Ca2+ levels. The fact that Ca2+ add-back
did not induce Ca2+ entry in Orai1 siRNA-injected oocytes suggested that Orai1 is
an essential component of the store-operated Ca2+ entry pathway.
Many studies demonstrated that store-operated Ca2+ entry composed by the STIM1/Orai1 pathway plays important role in during mouse oocyte maturation. According to a recent study store-operated Ca2+ entry is downregulated during mouse
meiosis, but remains active in mature metaphase II eggs, suggesting that the store-
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operated Ca2+ entry downregulation during mouse oocyte maturation is a crucial
determinant of the fertilizing Ca2+ signals, egg activation and early embryonic development [33]. It was also demonstrated that the contents of the Ca2+ stores increase
during oocyte maturation in the mouse but the Ca2+ influx decreases, and expression
of a constitutively active form of hSTIM1 plus Orai1 in mouse eggs increases basal
Ca2+ concentration and disturbs resumption of meiosis [34]. These results indicate
that there is a precise regulation of Ca2+ influx and store-operated Ca2+ entry during
oocyte maturation and that interruption of Ca2+ homeostasis inhibits the maturation
process. There is no complete agreement regarding the role of STIM1/Orai1 in Ca2+
signaling during fertilization. Our lab previously demonstrated that downregulation
of STIM1 by siRNA microinjection disrupted the sperm-induced Ca2+ oscillations,
suggesting that store-operated Ca2+ entry is required during fertilization [20]. However one may argue that this effect was due to the downregulation of STIM1 in the
immature oocyte which may have a negative effect on the Ca2+ homeostasis (and
therefore interfere with normal maturation) of the oocyte. Our results using ionomycin to measure the Ca2+ store contents after STIM1 siRNA injection clearly showed
that this STIM1 downregulation does not affect the Ca2+ store content in pig oocytes
(Fig. 4.5, Table 4.1). Furthermore, our approach (i.e. injecting siRNA into immature
oocytes) did not nullify the function of store-operated Ca2+ entry during the entire
period of oocyte maturation because protein turnover takes several hours and the
endogenous STIM1 and Orai1 should be available and functional for the most part
of oocyte maturation.
Similar to downregulation, overexpression of Orai1 also altered Ca2+ entry after store depletion. A slower elevations in the cytoplasmic free Ca2+ levels with
smaller amplitudes and longer durations was observed. In other cell types such as
human embryonic kidney cells and rat basophilic leukemia cells, overexpression of
Orai1 had a strong dominant-negative effect on store-operated Ca2+ entry activity,
i.e. the increased number of Orai1 proteins relative to STIM1 leads to reduced Ca2+
influx after store depletion [11–13]. Overexpression of Orai1 was suggested to alter
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the stoichiometry of the store-induced coupling process [35]. One might also speculate that overexpressed Orai1 could localize inside the ER and reduce the content
of the intracellular stores but this does not seem to be the case since ionomycin
applied in Ca2+ -free medium was able to mobilize the same amount of Ca2+ in Orai1overexpressing oocytes as in control cells (Fig. 4.6). Thus our results in pig oocytes
also showed that Orai1 overexpression affected store-operated Ca2+ entry activity,
indicating a fine stoichiometry between Orai1 and STIM1 in the control of Ca2+ influx. Co-overexpression of Orai1 with STIM1 resulted in a striking increase in Ca2+
entry after store depletion and Ca2+ add-back strengthening the idea that these two
proteins are key components of the store-operated Ca2+ entry pathway.
We also found that the expression of endogenous Orai1 together with the eggs’ ability
to mount a Ca2+ influx upon store depletion change during maturation. Fully-grown
oocytes in the mammalian ovary are not fertilization competent and have to undergo
a process known as oocyte maturation to acquire the ability to activate at fertilization and form viable embryos. A critical aspect of maturation is the differentiation
of the Ca2+ signaling pathways in the oocyte [36]. Several studies have shown that
immature mouse oocytes are incapable of fertilization and display an ablated Ca2+
signal upon artificial stimulation or fusion with sperm [37, 38]. Differentiation of the
Ca2+ signaling pathways during oocyte maturation involves changes such as reorganization of the ER, an elevation in the number of InsP3 receptors, an increase in
the concentration of stored Ca2+ and redistribution of Ca2+ -binding proteins in the
lumen of the Ca2+ stores [36,39]. While evaluating Orai1 levels in oocytes before and
after maturation we found that Orai1 expression decreased significantly during the
course of maturation. The expression of STIM1, the other major signaling protein
of the store-operated Ca2+ entry pathway remained unchanged. At the same time,
the Ca2+ influx after store depletion was lower in immature compared to that in mature oocytes. This is somewhat different from what was reported in the mouse and
the frog. Store-operated Ca2+ entry was also found to increase during maturation in
mouse oocytes but this was associated with an elevation in STIM1 expression while
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Orai1 levels remained unchanged [40]. On the other hand, although immature Xenopus oocytes are able to mount a Ca2+ entry after emptying the intracellular stores,
the mechanism is inactivated during oocyte maturation. In Xenopus, Orai1 constitutively recycles between the plasma membrane and an endosomal compartment of the
immature oocyte and its internalization during maturation seems to be the reason
for store-operated Ca2+ entry inactivation [21]. As a result, embryo development is
stimulated by a single Ca2+ transient during fertilization in Xenopus. Inactivation of
the cascade during the M phase of the cell cycle was also shown in somatic cells [41],
although the mechanism responsible is not fully understood. Thus the mammalian
egg seems to be an exemption in this regard, as in these cells store-operated Ca2+
entry remains active during meiosis as the oocyte awaits fertilization. In addition, the
results indicate that changes in the expression of Orai1 are also part of the differentiation process that occurs in the Ca2+ signaling mechanism during oocyte maturation.
Previous studies in hamster and mouse indicated that a Ca2+ influx is required
for sustaining the long-lasting oscillatory Ca2+ signal at fertilization and suggested
that it may be the store-operated Ca2+ entry pathway that provides this Ca2+ influx [16, 42]. In our study we further examined the regulation of Ca2+ signaling and
investigated the possible involvement of Orai1, the channel component of the storeoperated Ca2+ entry cascade in the signaling process during fertilization. We found
that downregulation of Orai1 prior to fertilization blocked the sperm-induced Ca2+
oscillations; the amplitude of the single Ca2+ transient that we could detect was also
significantly smaller compared to that seen in the control group. As the oscillatory
Ca2+ signal depends on Ca2+ influx to replenish the intracellular store, downregulation of Orai1 led to the abolishment of additional Ca2+ peaks due to the absence
of the channel to provide Ca2+ entry. The single Ca2+ transient detected in such
cells was smaller because of the absence of functional Orai1 channels in the plasma
membrane. As mentioned earlier, cytoplasmic Ca2+ signals are often the combination
of two separate though well connected events: the Ca2+ release from the endoplasmic
reticulum followed by an influx of Ca2+ from the extracellular environment. After
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Orai1 knockdown the amplitude of the Ca2+ rise detected was smaller because this
Ca2+ increase was only the result of Ca2+ released from the stores with no support
from the extracellular milieu to enhance the Ca2+ rise due to the absence of Orai1
influx channels. The inhibitory effect was also observed after the overexpression of
Orai1 in the eggs. In this case, excess number of Orai1 probably disrupted the stoichiometry between Orai1 and STIM1; as a result the duration of the oscillation as
well as the amplitude of the individual Ca2+ transients were markedly reduced. These
findings are in agreement with those of the Orai1 expression analysis and strongly
suggest that the expression ratio between Orai1 and STIM1 is an important regulator
of store-operated Ca2+ entry. Overall, the results provide direct evidence that Orai1
serves as a Ca2+ influx channel that plays a crucial role in maintaining the proper oscillatory Ca2+ signal during fertilization. They also imply that store-operated
Ca2+ entry is the major Ca2+ influx pathway that regulates the sperm-induced Ca2+
oscillation required for oocyte activation and subsequent embryo development.
A key question that remains is how the Orai1 channels are activated in porcine
oocytes upon store depletion. Experimental data in somatic cells strongly suggest that
the pathway is activated when the Ca2+ sensor STIM1 senses the depletion of the
Ca2+ store; thus a direct interaction between STIM1 and Orai1 is highly probable [43].
However, other mechanisms such as the generation of a secondary messenger downstream of STIM1 have also been suggested. According to this hypothesis, upon store
depletion STIM1 initiates the synthesis of the Ca2+ influx factor (CIF, [44]) which
through triggering additional downstream effectors eventually leads to the opening
of Orai1 [45]. In addition, it was also suggested that Orai proteins are also components of another type of Ca2+ entry channel that is activated by arachidonic acid, in
a store-independent manner [46]. Such arachidonate-regulated Ca2+ -selective (ARC)
channels are also regulated by STIM1 but through a mechanism that does not involve
store depletion and STIM1 translocation. All these warrant further studies in order
to characterize the fine details of communication between STIM1 and Orai1 in eggs.
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The data presented above indicate that porcine eggs express Orai1 and the protein serves as a channel that mediates Ca2+ entry upon depletion of the intracellular
Ca2+ stores. The Ca2+ influx through the Orai1 channel is essential in the maintenance of the Ca2+ oscillations at fertilization. This information is important for the
better understanding of the signaling cascade that operates during fertilization and
is responsible for the proper initiation of embryo development.

YWHAG

STIM1

Orai1

Genes

R: TTTTTCCAACTCCGTGTTTCTCTA

F: TTCATCACTGAGGAAAACTGCTAA

R: TGGCTTTGGCTGAGGCTCTG

F: ACCGTCATGGATGTGTGCG

R: CTTGACCGAGTTGAGGTTGTGC

F: TGGCCGTGCATCTGTTTGC

Primer sequences (5’-3’)

Table 4.1
Oligonucleotide primers used for quantitative real-time PCR.
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CO94522

NM001130974

NM001173519

sion number

size (bp)

92

GenBank acces-

Amplicon
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Table 4.2
Ca2+ store contents after siRNA microinjection

Treatment

No. of repli- No.
cations

oocytes

of Average fluorescence ratio
(±SEM)

Non-injected control

3

11

3.0±0.3a

Control siRNA

3

9

3.1±0.4a

Orai1 siRNA

3

10

2.9±0.5a

STIM1 siRNA

3

10

3.1±0.4a

ab

Different superscript letters in the same column indicate significant differences

(P<0.05)
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Table 4.3
Embryo development after Orai1 downregulation followed by fertilization

Treatment

Total

%

number

cleaved eggs forming

of oocytes (±SEM )

Non-treated

of % of eggs Average number of nuclei

blastocyst

per blastocyst

(n)

(±SEM)

281

70.5±2.8a

11.0±3.1a

36.2±5.7a

233

70.4±2.5a

9.9±1.4a

33.5±5.5a

263

38.4±4.6b

1.9±0.8b

19.8±0.8b

control
Scrambled
siRNA
Orai1 siRNA
ab

Different superscript letters in the same column indicate significant differences

(P<0.05)
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Fig. 4.1. Identification of Orai1 in porcine eggs. (A) Results of RT-PCR.
The presence of the 293 bp DNA fragment in lane 1 indicates that porcine
oocytes contain a transcript that is homologous to Orai1. Lane 1: Orai1
fragment; Lane 2: molecular weight marker; Lane 3: β-actin fragment.
(B) PCR amplification of the Orai1 coding sequence. Lane 1: 1035 bp
Orai1 cDNA; lane 2: molecular weight marker. (C) Amino acid sequence
of pig, mouse and human Orai1. The porcine Orai1 shows 89.5% similarity
to mouse and 94.4% similarity to human Orai1.
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Fig. 4.2. Localization of Orai1 in porcine eggs. (A) Confocal microscopic
images showing the distribution of endogenous Orai1 in immature (GVstage) oocytes and mature (MII-stage) eggs after immunocytochemical
labeling. For visualization purposes the plasma membrane (PM) was also
stained with wheat germ agglutinin and the DNA labeled with Hoechst
33342. In GV-stage oocytes the fluorescent signal indicating the Orai1
protein localized primarily at the plasma membrane. In mature eggs the
signal, although somewhat weaker, showed a similar distribution. (B) Map
of the EGFP-Orai1 vector that was used to express exogenous Orai1. (C)
Localization of exogenously expressed Orai1. Similarly to the endogenous
protein, EGFP-tagged Orai1 localized in the cell cortex consistent with
the role of Orai1 being a channel in the plasma membrane.
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Fig. 4.3. Downregulation of Orai1. (A) RT-PCR results showing Orai1
downregulation at the mRNA level. The amount of Orai1 transcripts
decreased while that of β-actin remained unchanged in eggs microinjected
with siRNA designed against Orai1. (B) Western blot results indicating
decreased Orai1 protein levels as a result of Orai1 siRNA injection. The
siRNAs were injected into GV-stage oocytes; protein levels were assessed
in the oocytes after maturation. Total proteins from the same number
of cells (n=500) were loaded into each well of the gel. The analysis was
replicated 5 times; in some cases additional bands in the 35-50 kDa range,
probably indicating glycosylated Orai1, were also seen (not shown).
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Fig. 4.4. Ca2+ influx after store-depletion in eggs with varying levels of
Orai1. Control eggs exhibited a large Ca2+ elevation after the re-addition
of Ca2+ (arrow) to the extracellular medium. The influx was inhibited
by Orai1 siRNA; overexpression of Orai1 also had a certain degree of
inhibitory effect on the store-operated Ca2+ entry. Co-overexpression of
Orai1 and STIM1, on the other hand, led to a large increase in Ca2+ influx
after store depletion and subsequent re-addition of Ca2+ . Each profile is
representative of 10 eggs
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Fig. 4.5. Downregulation of STIM1 or Orai1 at the GV stage did not
change the amount of Ca2+ stored in the endoplasmic reticulum in pig
eggs. siRNAs against either STIM1 or Orai1 were microinjected into GV
stage oocytes. After maturation, the eggs were washed in Ca2+ -free medium and 10 µM ionomycin was added to measure the Ca2+ content of the
stores. The arrow indicats the addition of ionomycin.
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Fig. 4.6. Ca2+ content of the endoplasmic reticulum with or without
Orai1 overexpression. The addition of ionomycin (arrow) to the eggs
could mobilize a similar amount of Ca2+ from the stores indicating that
the Ca2+ content of the stores were not affected by Orai1 overexpression.
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Fig. 4.7. Results of western blot analysis. GV-stage oocytes (lane 1) had
higher Orai1 protein levels (indicated by a band of 50 kDa) compared to
mature (MII) eggs (lane 2).
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Fig. 4.8. Real-time PCR data showing Orai1 and STIM1 transcript levels
in oocytes of different developmental stages. The Orai1 transcript level
was the highest at the GV-stage and decreased during maturation. Meanwhile, transcript abundance of the endoplasmic reticulum Ca2+ sensor STIM1 did not change. a,b: Different letters indicate significant differences;
P<0.05.
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Fig. 4.9. Store-operated Ca2+ entry in oocytes of different developmental
stages. The Ca2+ influx induced by store depletion was significantly lower
in immature oocytes compared to those that completed maturation. The
arrow indicates the time when Ca2+ was added back to the medium.
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Fig. 4.10. Effects of Orai1 downregulation and overexpression on the
sperm-induced Ca2+ oscillations. A: Control (scrambled siRNA-injected)
eggs showed the normal long-lasting Ca2+ oscillation pattern. B: Downregulation of Orai1 caused the premature termination of the sperm-induced
Ca2+ signal. C: Overexpression of Orai1 resulted in Ca2+ oscillations
consisting only a limited number of transients with markedly smaller amplitudes. Each trace is a representative response collected from a single
egg.
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Fig. 4.11. Co-overexpression of STIM1 and Orai1 disrupts the sperminduced Ca2+ oscillations. Soon after the onset of the repetitive Ca2+
signal the oscillations were terminated by a continuously high Ca2+ elevation possibly indicating the ’overactivation’ of the store-operated Ca2+
influx mechanism.

92
4.6

References

[1] M. J. Berridge, M. D. Bootman, and P. Lipp. Calcium–a life and death signal.
Nature, 395(6703):645–8, 1998.
[2] Jr. Putney, J. W. A model for receptor-regulated calcium entry. Cell Calcium,
7(1):1–12, 1986.
[3] J. Roos, P. J. DiGregorio, A. V. Yeromin, K. Ohlsen, M. Lioudyno, S. Zhang,
O. Safrina, J. A. Kozak, S. L. Wagner, M. D. Cahalan, G. Velicelebi, and K. A.
Stauderman. STIM1, an essential and conserved component of store-operated
Ca2+ channel function. J Cell Biol, 169(3):435–45, 2005.
[4] J. Liou, M. L. Kim, W. D. Heo, J. T. Jones, J. W. Myers, Jr. Ferrell, J. E.,
and T. Meyer. Stim is a Ca2+ sensor essential for Ca2+ -store-depletion-triggered
Ca2+ influx. Curr Biol, 15(13):1235–41, 2005.
[5] J. Soboloff, M. A. Spassova, T. Hewavitharana, L. P. He, W. Xu, L. S. Johnstone,
M. A. Dziadek, and D. L. Gill. STIM2 is an inhibitor of STIM1-mediated storeoperated Ca2+ entry. Curr Biol, 16(14):1465–70, 2006.
[6] S. Feske, Y. Gwack, M. Prakriya, S. Srikanth, S. H. Puppel, B. Tanasa, P. G.
Hogan, R. S. Lewis, M. Daly, and A. Rao. A mutation in Orai1 causes immune
deficiency by abrogating CRAC channel function. Nature, 441(7090):179–85,
2006.
[7] M. Vig, C. Peinelt, A. Beck, D. L. Koomoa, D. Rabah, M. Koblan-Huberson,
S. Kraft, H. Turner, A. Fleig, R. Penner, and J. P. Kinet. CRACM1 is a
plasma membrane protein essential for store-operated Ca2+ entry. Science,
312(5777):1220–3, 2006.
[8] S. L. Zhang, A. V. Yeromin, X. H. Zhang, Y. Yu, O. Safrina, A. Penna, J. Roos,
K. A. Stauderman, and M. D. Cahalan. Genome-wide rnai screen of Ca2+ influx
identifies genes that regulate Ca2+ release-activated Ca2+ channel activity. Proc
Natl Acad Sci U S A, 103(24):9357–62, 2006.
[9] M. Prakriya, S. Feske, Y. Gwack, S. Srikanth, A. Rao, and P. G. Hogan. Orai1 is
an essential pore subunit of the CRAC channel. Nature, 443(7108):230–3, 2006.
[10] M. Vig, A. Beck, J. M. Billingsley, A. Lis, S. Parvez, C. Peinelt, D. L. Koomoa,
J. Soboloff, D. L. Gill, A. Fleig, J. P. Kinet, and R. Penner. CRACM1 multimers
form the ion-selective pore of the CRAC channel. Curr Biol, 16(20):2073–9, 2006.
[11] J. C. Mercer, W. I. Dehaven, J. T. Smyth, B. Wedel, R. R. Boyles, G. S. Bird,
and Jr. Putney, J. W. Large store-operated calcium selective currents due to
co-expression of Orai1 or Orai2 with the intracellular calcium sensor, STIM1. J
Biol Chem, 281(34):24979–90, 2006.
[12] C. Peinelt, M. Vig, D. L. Koomoa, A. Beck, M. J. Nadler, M. Koblan-Huberson,
A. Lis, A. Fleig, R. Penner, and J. P. Kinet. Amplification of CRAC current by
STIM1 and CRACM1 (Orai1). Nat Cell Biol, 8(7):771–3, 2006.
[13] J. Soboloff, M. A. Spassova, X. D. Tang, T. Hewavitharana, W. Xu, and D. L.
Gill. Orai1 and STIM reconstitute store-operated calcium channel function. J
Biol Chem, 281(30):20661–5, 2006.

93
[14] A. V. Yeromin, S. L. Zhang, W. Jiang, Y. Yu, O. Safrina, and M. D. Cahalan.
Molecular identification of the CRAC channel by altered ion selectivity in a
mutant of Orai. Nature, 443(7108):226–9, 2006.
[15] I. Parker, C. B. Gundersen, and R. Miledi. A transient inward current elicited
by hyperpolarization during serotonin activation in xenopus oocytes. Proc R Soc
Lond B Biol Sci, 223(1232):279–92, 1985.
[16] D. Kline and J. T. Kline. Repetitive calcium transients and the role of calcium
in exocytosis and cell cycle activation in the mouse egg. Dev Biol, 149(1):80–9,
1992.
[17] Z. Machaty, J. J. Ramsoondar, A. J. Bonk, K. R. Bondioli, and R. S. Prather. Capacitative calcium entry mechanism in porcine oocytes. Biol Reprod, 66(3):667–
74, 2002.
[18] C. Gomez-Fernandez, E. Pozo-Guisado, M. Ganan-Parra, M. J. Perianes, I. S.
Alvarez, and F. J. Martin-Romero. Relocalization of STIM1 in mouse oocytes
at fertilization: early involvement of store-operated calcium entry. Reproduction,
138(2):211–21, 2009.
[19] S. Koh, K. Lee, C. Wang, R. A. Cabot, and Z. Machaty. STIM1 regulates
store-operated Ca2+ entry in oocytes. Dev Biol, 330(2):368–76, 2009.
[20] K. Lee, C. Wang, and Z. Machaty. STIM1 is required for Ca2+ signaling during
mammalian fertilization. Dev Biol, 367(2):154–62, 2012.
[21] F. Yu, L. Sun, and K. Machaca. Orai1 internalization and stim1 clustering
inhibition modulate SOCE inactivation during meiosis. Proc Natl Acad Sci U S
A, 106(41):17401–6, 2009.
[22] K. M. Whitworth, C. Agca, J. G. Kim, R. V. Patel, G. K. Springer, N. J. Bivens,
L. J. Forrester, N. Mathialagan, J. A. Green, and R. S. Prather. Transcriptional
profiling of pig embryogenesis by using a 15-k member unigene set specific for
pig reproductive tissues and embryos. Biol Reprod, 72(6):1437–51, 2005.
[23] K. J. Livak and T. D. Schmittgen. Analysis of relative gene expression data
using real-time quantitative pcr and the 2−∆∆C(T ) method. Methods, 25(4):402–
8, 2001. Livak, K J Schmittgen, T D United States Methods (San Diego, Calif.)
Methods. 2001 Dec;25(4):402-8.
[24] B. Wedel, R. R. Boyles, Jr. Putney, J. W., and G. S. Bird. Role of the storeoperated calcium entry proteins STIM1 and Orai1 in muscarinic cholinergic
receptor-stimulated calcium oscillations in human embryonic kidney cells. J
Physiol, 579(Pt 3):679–89, 2007.
[25] L. R. Abeydeera, W. H. Wang, T. C. Cantley, A. Rieke, R. S. Prather, and
B. N. Day. Presence of epidermal growth factor during in vitro maturation of
pig oocytes and embryo culture can modulate blastocyst development after in
vitro fertilization. Mol Reprod Dev, 51(4):395–401, 1998.
[26] C. M. Saunders, M. G. Larman, J. Parrington, L. J. Cox, J. Royse, L. M. Blayney,
K. Swann, and F. A. Lai. PLC zeta: a sperm-specific trigger of Ca2+ oscillations
in eggs and embryo development. Development, 129(15):3533–44, 2002.

94
[27] K. Swann, M. G. Larman, C. M. Saunders, and F. A. Lai. The cytosolic sperm
factor that triggers Ca2+ oscillations and egg activation in mammals is a novel
phospholipase C: PLC-zeta. Reproduction, 127(4):431–9, 2004.
[28] T. Ducibella, D. Huneau, E. Angelichio, Z. Xu, R. M. Schultz, G. S. Kopf,
R. Fissore, S. Madoux, and J. P. Ozil. Egg-to-embryo transition is driven by
differential responses to Ca2+ oscillation number. Dev Biol, 250(2):280–91, 2002.
[29] J. P. Ozil, B. Banrezes, S. Toth, H. Pan, and R. M. Schultz. Ca2+ oscillatory
pattern in fertilized mouse eggs affects gene expression and development to term.
Dev. Biol., 300(2):534–44, 2006.
[30] Y. Igusa and S. Miyazaki. Effects of altered extracellular and intracellular calcium concentration on hyperpolarizing responses of the hamster egg. J Physiol,
340:611–32, 1983.
[31] Y. Shiina, M. Kaneda, K. Matsuyama, K. Tanaka, M. Hiroi, and K. Doi. Role
of the extracellular Ca2+ on the intracellular Ca2+ changes in fertilized and activated mouse oocytes. J Reprod Fertil, 97(1):143–50, 1993.
[32] O. M. McGuinness, R. B. Moreton, M. H. Johnson, and M. J. Berridge. A
direct measurement of increased divalent cation influx in fertilised mouse oocytes.
Development, 122(7):2199–206, 1996.
[33] B. Lee, G. Palermo, and K. Machaca. Downregulation of store-operated Ca2+
entry during mammalian meiosis is required for the egg-to-embryo transition. J.
Cell Sci., 126(7):1672–1681, April 2013.
[34] B. Cheon, H. C. Lee, T. Wakai, and R. A. Fissore. Ca2+ influx and the storeoperated Ca2+ entry pathway undergo regulation during mouse oocyte maturation. Mol. Biol. Cell, 24(9):1396–1410, May 2013.
[35] T. Hewavitharana, X. Deng, J. Soboloff, and D. L. Gill. Role of stim and orai proteins in the store-operated calcium signaling pathway. Cell Calcium, 42(2):173–
82, 2007.
[36] K. Machaca. Ca2+ signaling differentiation during oocyte maturation. J Cell
Physiol, 213(2):331–40, 2007.
[37] K. T. Jones, J. Carroll, and D. G. Whittingham. Ionomycin, thapsigargin, ryanodine, and sperm induced Ca2+ release increase during meiotic maturation of
mouse oocytes. J Biol Chem, 270(12):6671–7, 1995.
[38] L. M. Mehlmann and D. Kline. Regulation of intracellular calcium in the mouse
egg: calcium release in response to sperm or inositol trisphosphate is enhanced
after meiotic maturation. Biol Reprod, 51(6):1088–98, 1994.
[39] J. Carroll, K. T. Jones, and D. G. Whittingham. Ca2+ release and the development of Ca2+ release mechanisms during oocyte maturation: a prelude to
fertilization. Rev Reprod, 1(3):137–43, 1996.
[40] C. Gomez-Fernandez, A. M. Lopez-Guerrero, E. Pozo-Guisado, I. S. Alvarez,
and F. J. Martin-Romero. Calcium signaling in mouse oocyte maturation: the
roles of STIM1, Orai1 and SOCE. Mol Hum Reprod, 18(4):194–203, 2012.

95
[41] S. F. Preston, R. I. Sha’afi, and R. D. Berlin. Regulation of Ca2+ influx during
mitosis: Ca2+ influx and depletion of intracellular Ca2+ stores are coupled in
interphase but not mitosis. Cell Regul, 2(11):915–25, 1991.
[42] S. Miyazaki. Repetitive calcium transients in hamster oocytes. Cell Calcium,
12(2-3):205–16, 1991.
[43] R. Schindl, M. Muik, M. Fahrner, I. Derler, R. Fritsch, J. Bergsmann, and C. Romanin. Recent progress on STIM1 domains controlling Orai activation. Cell
Calcium, 46(4):227–32, 2009.
[44] C. Randriamampita and R. Y. Tsien. Emptying of intracellular Ca2+ stores releases a novel small messenger that stimulates Ca2+ influx. Nature,
364(6440):809–14, 1993.
[45] P. Csutora, V. Zarayskiy, K. Peter, F. Monje, T. Smani, S. I. Zakharov, D. Litvinov, and V. M. Bolotina. Activation mechanism for CRAC current and storeoperated Ca2+ entry: calcium influx factor and Ca2+ -independent phospholipase
A2beta-mediated pathway. J Biol Chem, 281(46):34926–35, 2006.
[46] O. Mignen, J. L. Thompson, and T. J. Shuttleworth. Both Orai1 and Orai3
are essential components of the arachidonate-regulated Ca2+ -selective (ARC)
channels. J Physiol, 586(1):185–95, 2008.

96

5. SUMMARY AND FUTURE PLAN
5.1

Summary
At the time of ovulation, mammalian eggs are arrested at the metaphase stage of

their second meiotic cell division. They are released from this second meiotic arrest
and embryo development is stimulated during fertilization, when the sperm triggers
a prolonged series of Ca2+ oscillations in the egg cytoplasm. Research has shown
that the oscillations are the result of the release of Ca2+ from the egg’s intracellular
stores; the release is induced by the protein phospholipase C-ζ that diffuses from the
sperm into the ooplasm after gamete fusion [1]. The released Ca2+ binds calmodulin
and Ca2+ -bound calmodulin activates Ca2+ /calmodulin-dependent protein kinase II
(CaMKII) that stimulates a signaling cascade leading to the downregulation of the
M-phase Promoting Factor (MPF) and eventually exit from meiosis [2].
The series of sperm-induced Ca2+ transients (also known as Ca2+ oscillations) were
demonstrated in all tested mammalian species [3–8]. The series of Ca2+ transients
stopped upon the removal of extracellular Ca2+ and its frequency also depended on
the Ca2+ concentration outside of the cell [9,10]. All these studies indicated that Ca2+
entry was a key element of the oscillatory signal in mammalian eggs. Studies also
demonstrated that InsP3 , a Ca2+ -mobilizing second messenger was the molecule that
had a key role in generating the fertilization Ca2+ signal by triggering the release of
Ca2+ from intracellular stores [11–13]. The sperm-induced Ca2+ transients seemed to
be associated with a continuous Ca2+ influx, and a linkage between the Ca2+ influx
and Ca2+ release from the intracellular stores was also suggested. However, the
identity of the mechanism that mediated Ca2+ influx through the plasma membrane
was not known.
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The dependence of the oscillations on extracellular Ca2+ was also demonstrated
in mouse eggs. Many experiments revealed that the sperm induced Ca2+ oscillations
rapidly stopped or their frequency significantly decreased upon chelation of external
Ca2+ [14,15]. In addition, depleting the intracellular stores with thapsigargin, a plantderived inhibitor of the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase, activated
a Ca2+ influx across the plasma membrane in unfertilized eggs and suppressed the
train of Ca2+ spikes in fertilized ones [14]. This indicated that store-operated Ca2+
entry was functional in mouse eggs as well and implied that it was essential to refill
the stores and maintain the Ca2+ oscillations.
Further studies have demonstrated the presence of STIM1, a major component of store-operated Ca2+ entry, in pig [16] and mouse [17] eggs. In the pig, STIM1
co-localized with the endoplasmic reticulum and pharmacological store depletion triggered its redistribution in regions close to the plasma membrane. Overexpresssion of
STIM1 in pig eggs led to an increase in Ca2+ influx after Ca2+ store depletion whereas the influx was inhibited in the presence of store-operated Ca2+ channel blocker
lanthanum or after suppression of STIM1 expression with siRNAs [16]. Additional experiments showing that STIM1 rapidly re-distributed at the plasma membrane
following fertilization also implicated the involvement of STIM1 in the signaling process during fertilization [17]. In addition, downregulation of STIM1 using siRNAs
in pig eggs completely abolished the repetitive Ca2+ oscillations at fertilization and
had a negative effect on subsequent embryo development due to the absence of STIM1, which caused the Ca2+ stores to refill improperly [18]. These results seem to
suggest that STIM1 is essential to maintain the repetitive Ca2+ signal by mediating
store-operated Ca2+ entry during fertilization.
Therefore in the present study, we further investigated the involvement of storeoperated Ca2+ entry during fertilization by using specific SOCE inhibitors. The ongoing sperm-induced Ca2+ signals terminated when gadolinium (Gd3+ ), at a concentration that inhibits store-operated Ca2+ entry channels, was added to the fertilized eggs.
This indicated that store-operated Ca2+ entry was the major Ca2+ influx pathway
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in pig eggs during fertilization. Interestingly, gadolinium at this concentration did
not affect the fertilization Ca2+ signal in mouse eggs indicating that species-specific
differences exist in the control of signaling pathways that operate during fertilization. We then focused on the channel component of the store-operated Ca2+ entry
cascade, Orai1 that is present and functional in pig and mouse eggs. Both indirect
immunocytochemistry and overexpression of fluorescently tagged Orai1 revealed that
Orai1 was present mostly in the cell cortex consistent with plasma membrane localization. Expression of Orai1 decreased in pig eggs during maturation with STIM1 levels
remaining fairly constant; this was different in mouse eggs where Orai1 expression
levels were unaltered during maturation while STIM1 was expressed only at very low
levels in the GV-stage oocyte [19]. Despite these species-specific differences in the
expression levels of these signaling proteins, the effect of the changes seems to be the
same in both species: to enhance the small store-operated Ca2+ influx measured in
GV-stage oocytes to a much higher level by the time the oocytes complete maturation and are ready for fertilization. Downregulation of Orai1 expression with siRNAs
blocked Ca2+ entry induced by pharmacological depletion of the intracellular stores
and also abolished the repetitive Ca2+ oscillations in fertilized eggs. Furthermore,
embryo development stimulated by the abnormal fertilization Ca2+ signals in eggs
with downregulated Orai1 was severely impaired. On the other hand, overexpression
of Orai1 together with STIM1 resulted in a huge increase in Ca2+ influx induced by
artificial depletion of the intracellular stores. These data suggest that the cascade
that mediates store-operated Ca2+ entry involves STIM1 and Orai1 and it is essential
to sustain the long-lasting Ca2+ oscillations during fertilization.

5.2

Future Plan
Interestingly, inhibiting store-operated Ca2+ entry in mouse eggs using known

inhibitors or by the expression of protein fragments that interfere with STIM1-Orai1
interaction did not prevent the sperm-induced Ca2+ oscillations, which raised the
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possibility that Ca2+ entry other than that regulated by the stores was responsible
for sustaining the train of sperm-induced Ca2+ spikes in this species [10, 20]. This
may indicate species-specific differences and suggest that, at least in mouse eggs,
Orai1 proteins are not essential to provide Ca2+ influx in order to maintain the longlasting Ca2+ signal. Potential candidates for this role may include transient receptor
potential (trp) channels that in several cell types mediate Ca2+ entry. Such channels
are present in eggs [7, 21] and may function during fertilization.
The potential mechanism that may operate during fertilization to sustain the
repetitive Ca2+ signal is following: The sperm delivers PLC-ζ that hydrolyzes PIP2
into inositol 1,4,5-trisphosphate (InsP3 ) and diacylglycerol (DAG). InsP3 binds to its
receptor on the surface of the endoplasmic reticulum and triggers Ca2+ release from
the intracellular store. Much of the released Ca2+ is pumped out of the cell or bound
to buffer proteins in the cytoplasm, thus replenishing of the store requires extracellular
Ca2+ . This may be mediated by STIM1: when it senses store depletion, STIM1 moves
closer to the plasma membrane and opens store-operated Ca2+ channels that let Ca2+
flow into the cell. SERCA pumps load Ca2+ back into the endoplasmic reticulum, so
it will be available when another Ca2+ transient is generated. DAG produced by PIP2
hydrolysis may activate PKC that promotes Ca2+ influx through the entry channel
and thereby facilitates store refilling. However, additional experiments are clearly
needed to clarify the exact mechanism involved in the process.
The importance of transmembrane Ca2+ fluxes has been further highlighted by
the results of a study mentioned earlier [20]. In those experiments using mouse
eggs, Ca2+ influx was found necessary not only to maintain the sperm-induced Ca2+
oscillations but also for the activation of critical signaling pathways. Following in
vitro fertilization or intracytoplasmic sperm injection, blocking Ca2+ influx inhibited
late activation events such as second polar body emission even in the presence of
multiple Ca2+ transients. In addition, after a single sperm-induced Ca2+ spike, Ca2+
influx itself was sufficient to induce polar body extrusion and pronuclear formation. A
similar phenomenon was observed before in somatic cells where only Ca2+ transients
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with accompanying Ca2+ influxes through store-operated Ca2+ channels were able to
stimulate gene expression [22]. These results are unexpected and seem to contradict
earlier studies where the number of Ca2+ oscillations was the primary determinant of
the temporal order of egg activation events [23,24]. They also mean, if confirmed, that
subcellular localization of the Ca2+ elevation is important for successful initiation of
embryo development and further strengthens the notion that Ca2+ influx is an integral
part of the Ca2+ signaling mechanism in the egg.
It is generally accepted that transient elevations in the intracellular free Ca2+
concentration in the cytoplasm of the female gamete play important regulatory roles
during development. The origin of Ca2+ is mostly intracellular, but influx across the
plasma membrane is also important to shape the signal and determine its spatial
and temporal dynamics. Efforts to characterize the Ca2+ influx pathway involved
received impetus in recent years; however, a number of important questions remain
to be clarified. Protein kinase C (PKC) is also known to regulate Ca2+ fluxes across
the plasma membrane but the pathway through which it operates is not known. It
is not clear whether it controls store-operated Ca2+ entry or alternatively, its action
is mediated by an entirely different mechanism. Transient receptor potential (TRP)
channels are also present in eggs; in somatic cell types, such channels are capable of
mediating transmembrane Ca2+ fluxes and they might have a potential role in eggs
as well. Additional experiments are needed to determine the contribution of storeoperated Ca2+ entry to the fertilization Ca2+ signal in other species and to resolve the
apparent discrepancies in recent published results. Finally, the exact function of the
Ca2+ influx during fertilization also needs to be verified: whether it is needed simply
for replenishing the stores or has other roles such as activating additional signaling
cascades during egg activation. The information obtained through such studies will
deepen our general understanding about Ca2+ signaling in the egg and may improve
the efficiency of assisted reproductive technologies.
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5.3

Limitations and Possible Alternations
In present study, oocytes from pre-pubertal gilts were used. Even though only

large follicle (larger than 3mm in diameter) were aspirated during oocytes collection,
oocytes from gilts always raised the possibility that developmental incompetence from
those oocytes could be a factor for the experiments. Due to these oocytes had not
been exposed to gonadotropin before, it is possible that they response differently to
FSH and LH during the course of maturation, which eventually affect the fertilization
and embryo development in our study. Luckily many studies have demonstrated that
these oocytes were development competent since cloned pigs were produced by using
oocytes from pre-pubertal gilts. However, repeating the similar experiments using
oocytes from matured sows could be an additional supporting for this study.
Oocytes In Vitro maturation could be another artificial factor for the present study. In Vitro matured oocytes could have different gene expression profile compared
with In Vivo ones. Using in vivo matured oocytes would eliminate this limitation.
Unfortunately using in vivo matured oocytes makes it is impossible for us to downregulate STIM1 or Orai1 by siRNA injection.
Alternatively, for future study, knockout animal models are good experimental
subjects. Since STIM1/Orai1 play important roles in immune cells, the knockout
mouse usually have very low survive rate. Conditional knocking-out STIM1/Orai1
in only ovarian tissues could be give us the best model for studying the function of
SOCE in the reproductive system. However, since some in vitro studies in mouse
suggesting that SOCE did not regulate Ca2+ signals during fertilization, comparing
the phenotypes between knockout mouse and knockout pig would give us deep insights
of the function of STIM1/Orai1 during fertilization.
The lack of specific inhibitor for either STIM1 or Orai1 sets another obstacle for
this study. In our study, the specificity of inhibitors was depending on the concentration of those drugs. Therefore discovering specific inhibitors for SOCE is important
for future studies.
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